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PREFACE 


The presentation of the experience of a number of sugar technologists 
working in different countries and with varying backgrounds is like a 
Round Table discussion where each of the contributors presents his ideas 
on one general subject. It is unavoidable that the way the experience of one 
writer is described is occasionally slightly different from what others say on 
the same subject. This is the result of discussions where each of the partici- 
pants is giving his contribution to a general idea and where it is found that 
although the purpose is identical, the manner in which observed facts and 
theories are presented in the form of general ideas and recommended 
operational techniques shows some variation. 

The editor asks the reader to keep in mind that the main object of this book 
is to give a complete summary of the principles of the crystallization process 
as it is applied today in the sugar industry over the whole world, with a 
description of the control systems and theories concerned with crystallization. 

Our endeavor is to present our knowledge on this subject as it is today. 
The immediate motive is in the first place to supply our colleagues with a 
review on this rather complicated technological process in sugar manufac- 
ture. The editor acted as a kind of a master of ceremonies who asked for and 
received the courteous cooperation of his colleagues whom he has known 
for many years by their original studies in this field and whom he feels 
have made valuable contributions to progress in the practical technology as 
well as in the theory of crystallization. 

The various papers must under no condition be seen as a final codifica- 
tion of the science of sugar crystallization. In the field of crystallization we 
ate only able to state the present way of thinking and operating; but every 
technologist knows that there are still many unsolved questions which can 
only be answered properly by careful experimentation and observation, 
which will require the whole energy and devotion of many experimenters 
who are attracted to this field of study. 

We expect that this presentation, a diffusion of available experience, will 
also assist in clarifying some of the vague ideas on crystallization written 
down in words, thereby acting as a catalyst for further verification and study. 

This book is not a collection of papers which can be reviewed and read in 
a few hours; it requires careful reading. The more critical the reader is 
about the statements made by the contributors, the greater we feel the value 


VI PREFACE 


of this book will be for continued progress in sugar technology. This book is 
also educational if we accept the fact that the experienced technologist, after 
he has left the institute for professional training, requires a confrontation 
with what others have experienced in the same field in order to find out 
the hiatuses in his theoretical knowledge. 

Although the editor of this book is a pupil of the scientific school of 
thought that the terminology and expressions we use must be as exact as 
possible, he is at the same time aware of the fact that a number of terms 
that have been introduced in the crystallization process, as, for instance, 
the quantitative expression for supersaturation, still pose a problem. A 
tremendous amount of study in the field of pure physics and chemistry will 
have to be done before we have a complete understanding of the nature of 
supersaturated sugar solutions. 

The quasi exactness introduced by formulae to calculate the degree of 
supersaturation does not tell us the whole story about the nature of the 
sucrose in supersaturation, about the significance of supersaturation for 
nucleation and the exact nature of crystal growth. The formulae and equa- 
tions we are applying today are a crude approximation to classify the ob- 
served facts, but we are not able by these formulae to express the exact nature 
of the phenomena takiny place in crystallization. 

The progress that has been made in crystallization from a practical point 
of view is that we are able to control the crystallization process by methods 
far superior to the traditional control systems as used by experienced pan 
boilers. A complete analysis of the crystallization characteristics of different 
types of sugar solutions is still a goal far removed from our present knowl- 
edge. 

It is, in the practical sugar industry, a deplorable situation that the art of 
practical sugar making and fundamental investigations of the different 
Processes we are confronted with in operating factories are so fat away from 
each other. A number of fundamental studies on the principles of sugar 
crystallization must be done in institutes devoted to research and scientific 
investigations. The results of these studies must be translated into the lan- 
guage of operating technologists and into applicable rules for the practical 
crystallization process. 

We have avoided in the presentation of the different phases of the crys- 
tallization process complicated theories on crystallization phenomena, how- 
ever attractive this may be and despite the fact that we are convinced that a 
number of these more theoretical studies might be of practical value to the 
industry. We have kept in mind that this book is primarily for the sugar tech- 


nologist connected with modern factories who has solid knowledge of the 
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principles of chemistry, physics and chemical engineering. Every contribution 
is written in simple and understandable language. Mathematical theories 
have been left out, because in this developmental phase of the crystallization 
process they are not yet of practical meaning to the sugar technologist in 
charge of a refinery or sugar factory. 

We feel that this book has been written and composed so that it can be 
read at leisure by everyone connected with the sugar industry, and be used 
as a teference book to refresh the reader’s knowledge and enable him to 
compare his experiences or ideas with what his colleagues in different coun- 
tries have been studying and what they have written regarding their 
ideas. 

We hope that when using this book, the reader will insert question 
marks and marginal notations, and when he can find the time will let the 
editor know what he agrees or disagrees with and will supply him with any 
additional information he may have on this fascinating subject of sucrose 
crystallization. 

We are presenting also the views of our able colleagues on the crystal- 
lography of sucrose, which is a very neglected field in the training of sugar 
technologists, on the procedure of crystallization technique, on control 
methods, and on fundamental changes and evolutions in the equipment 
used in factories for the crystallization process. 

It is to a certain extent surprising when one has the opportunity to read 
the professional literature of the past century, to observe that it was in 1885 
that L. WuirrF got his first patent for crystallization in movement (DRP 
33.190, Z. des Vereins 35 (1885) 899), which was the beginning of the intro- 
duction of crystallizers in the sugar industry. This beginning is practically 
no more than a lifetime from today. 

The developments in the technology as to crystallization by cooling, our 
increased knowledge of the solubility of sucrose in impure solutions, the 
introduction of control instruments and the technological and engineering 
developments in vacuum control and adjustment, the regulation of vapor 
pressures, a better understanding of the significance of the circulation in 
vacuum pans, the nucleation technique; these are all results of the work 
that has been done in the past 70 years. 

That the methods in different areas of sugar production still show consid- 
erable differences is partly caused by the fact that the exchange of informa- 
tion is not perfect. Local tradition and nationalistic chauvinism are also 
involved in many techniques, however strange it may seem that in this 
field of applied science there should still be room for sentimental feelings. 
But it is nevertheless a psychological element in the spread of new ideas, 
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which can be observed by careful analysis of working methods as locally 
applied in the different sugar-producing countries. 

We have tried to present this book by giving the views of technologists 
living in different countries, thereby ensuring the most complete presentation 
possible. It is not only a matter of local tradition how problems are discuss- 
ed and presented, but it is a part of the education of each of us. 

The specific problems receiving our interest are to a great extent the 
result of our education and the way our teachers have been able to arouse 
our interest in certain subjects. Later on, it is the facilities available to us 
in the daily duties we have to perform which direct more or less the kind 
of investigations we have the good fortune to make. The world is pro- 
gressing to a more liberal and also more intense exchange of experience and 
knowledge. By asking the cooperation of his colleagues, the editor intended 
to present this whole field from an international point of view, avoiding as 
much as possible the local or personal approaches to the crystallization of 
sugar. 

I feel extremely privileged that my colleagues for whose cooperation I 
asked have given support in such a generous way. I wish to express my 
sincere gratitude for this assistance in the realization of what I have always 
seen as one of the main aims of my professional career, the sharing of 
experience with my colleagues, and in this way the creation of an atmos- 
phere of cooperation, which is the most effective way for progress. 

Grateful acknowledgement is made to Mr. Epwin I. Kizsourng, Presi- 
dent of the West Indies Sugar Corporation who has given me the opportunity 
to work on this book during my activities for that company. 

A word of special gratitude is expressed to my secretary, Miss GERDA 
VAN WAASBERGEN, for her help in preparing the manuscripts and for 
everything connected with the editing of this book. 


P. HoniG 
New York, N.Y., December, 1958 
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CHAPTER 1 


CRYSTALLOGRAPHY OF SUCROSE 


H. E. C. Powrrs* 
Chief Chemist, Tate & Lyle, Ltd., Thames Refinery, London (England) 


1. Introduction 


According to the Oxford English Dictionary the word ‘crystal’ has been 
derived from the Greek word &rystallos, meaning clear ice or tock crystal. 
Its original meaning implies the usage of the word as a descriptive adjective, 
e.g. “crystal clear’ or ‘crystal like’. The precise and scientific application of 
the word ‘crystal’ is: “a form in which the molecules of many simple elements 
and their natural compounds regularly aggregate by the operation of molec- 
ular affinity. It has a definite internal structure, with the external form of a 
solid enclosed by a number of symmetrically arranged plane faces, and 
varying in simplicity from a cube to much more complex geometrical 
bodies’. 

For the sugar refiner the word ‘crystal’ is therein used as follows: ‘Crys- 
tals: a particular quality of refined crystallised sugar’, or ‘There are three 
classes of sugar refineries in this country, the chief productions of which 
are, respectively, (1) loaf sugar, (2) crystals (é.e. large, well formed dry 
white crystals of sugar), (3) crushed sugar’. 

Having touched upon the etymological history of the word crystal, it 
is natural to consider when sucrose crystals first became known, as such, 
to mankind. E. O. von LirppMANN** has given us probably the most autho- 
titative and inclusive history of sucrose in his Geschichte des Zuckers. From 
this source it is apparent that the similarity of the word for sugar in many 
languages stems from the initial Sanskrit word Sarkara. The Persians appear 
to have been among the earliest to develop specific refining technique and 
to produce, at will, crystals as we know them. About 500 A.D. in Persia 





* Dr. A. F. SEAGER of Birkbeck College, University of London, has prepared sections 
3 and 4, also the crystal drawings and projections, utilizing the earlier report of F. P. PHELPs® 
and the specimens of sucrose crystals made available by H. E. C. Powers. ; 

** FE, O. von Lippmann, Geschichte des Zuckers, 2nd Ed., J. Springer Verlag, Berlin, 1929. 


Bibliography p. 60-66 


2 CRYSTALLOGRAPHY OF SUCROSE CH. 1 


the term Aandi-sefid is on record as meaning white sugar, implying some 
ability to obtain a purified form by crystallisation. The still older Indian 
term shekar or shakey, an early form of the word sugar, probably referred to 
evaporated juice now known as gur. We may deduce that ‘crystals’ became 
the special study of some keen folk in the early centuries A.D., since they 
had to depend for the separation of crystals and mother liquor upon simple 
drainage under gravity. This would have presented a real incentive to 
produce large crystals. One may deduce that the technique of growing of 
kandi crystals is a development of the early need to grow large crystals. 

Revolutionary advances in commercial sugar production were made 
possible first by the development of the vacuum pan in the early years of 
the nineteenth century, and next by the centrifugal machine about 1837. 
The first permitted the operator to grow fairly regular crystals rapidly and 
without serious decomposition hence colour formation. There would still 
have been a considerable incentive to grow well formed uniform crystals, 
in order either to improve the separation of the syrup under normal gravity, 
or under the early low power centrifugal drainage. This urge should still 
be with us, even though the introduction and the development of the power- 
ful modern centrifugal machine has made too many of us somewhat callous 
of the ultimate improvements possible with really good grain production. 

It is worthy of thought that sucrose shares with salt a somewhat unique 
position, in that not only are they both regarded as among our most im- 
portant foodstuffs, but they are also both chemicals capable of the utmost 
purification by methods normal in the chemical industry. Few analytical 
chemicals can be purchased at the astonishingly high degree of purity 
achieved in the production of millions of tons of refined sugar annually. It 
would be fair to claim that this would not have been possible without 
the efforts of many generations of workers who, whether they realised it or 
not, were practical students of crystallography! 

With this introduction, we need make no apology for attempting to out- 
line some of the more scientific principles involved in crystallography. If 
my efforts produce an arrangement in a form attractive to the readers and 
my colleagues in the sugar industry, then I shall be content. 

The natural laws of crystallography apply to substances so diverse as 
non-polar organic chemicals like sucrose, ionised soluble salts like sodium 
chloride, practically insoluble substances such as silver bromide, and to 
metals crystallising from the molten state. Differences in analogous pheno- 
mena at first tend to cause confusion, but usually disappear as the gaps in 
our knowledge are filled in. In our industry we ca 


! n benefit by co-operation 
with the scientists working in other industries, 


and of colleagues with 
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insufficient time or opportunities to study any unusual, interesting or 
challenging observations we ask them to put them forward, as the cumu- 
lative effort and interest would be most helpful. 


2. Characterization of a Crystal 


Whilst one can name a number of substances which we call crystalline, yet 
there are a large number of materials which could only be classified as 
crystalline by an expert. Even refined sugar can be made in such a form that 
it is not evident to the uncritical observer to call it crystalline or the same 
crystalline material we are familiar with. Those familiar with the literature 
will remember the remarkable collections of strikingly different sugar 
crystal forms published by workers as WoiF!, WuLrr?, Groru?, PHELPS, 
SANDERA®, VAVRINECZ”> 8. 9. 16 HontG18 and many others. Sucrose occurs 
in a number of solid forms, which have not received general attention. We 
may have pulverised forms, fondant sugars, spray-dried sugars — each and 
all have the virtually identical analysis of highly refined sugar, yet present 
different physical properties. 

The cumulative studies of a number of workers in different fields have 
enabled us to order our thinking. In the following pages we have related 
something of the present state of our knowledge of solid sucrose. 

The essential feature of crystalline matter is that the molecular structure 
shall be orderly, in a specific pattern characteristic of that particular material. 
How is the scientist to determine whether a particular substance exhibits 
this orderly molecular structure? X-ray analysis provides delicate and 
wonderful means to achieve this (BEEVERS and CocHRAN?2), 

Spray-dried sucrose is non-crystalline. PALMER1®, and MAKOWER and 
-Dye2° have demonstrated the extremely high hygroscopicity of this sub- 
stance, and that it may take months or even years to crystallise when stored 
under conditions of low humidity. Under the microscope the particles 
appear as minute spheres, and though it is often spoken of as amorphous 
sugar, it can also be considered as a supercooled fluid. 

All the other forms of sucrose, as e.g. listed above, are truly crystalline. 
This can be demonstrated by X-ray analysis, even though they may to 
the eye and touch appear as impalpable powders. 


3. History of and Introduction to Crystallography 
Dr. A. F. SEAGER 


Before dealing with the crystallography of sucrose itself it may be of inter- 
est to give a very brief history of that part of the science of crystallography 
which deals with the shape of crystals (morphology) and their symmetry. 
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(a) The Morphology of Crystals 


It is quite understandable that the characteristic of naturally occurring 
crystals first to attract the eye of man should be the development of plane 
faces or facets at regular angles, and the brilliant reflecting surface which 
many of these faces present. The first recorded observation of this kind 
seems to have been made by Pirny THE ELDER about A.D. 77 in his Natural 
History, in which he comments on the regular hexagonal form of quartz 
crystals and the high natural polish to be seen on their faces. 

The Greek word &rystallos, meaning ice, was used in the Middle Ages 
for rock crystal, a clear variety of quartz. ALBERTUS MAGNus used the word 
in this sense in 1250, under the impression it was ice frozen hard by the 
low temperatures prevailing on the mountains in the Alps. The word 
crystal now has a much wider meaning, being applied to all substances, 
whether naturally facetted or not, which have a regular internal atomic 
structure. 

Nicoxiaus STENO, in 1669, was the first to announce the law of the con- 
stancy of interfacial angles on crystals, as a result of approximate measure- 
ments on rock crystal. He was a man of wide interests, his official position 
was that of Professor of Anatomy in the University of Copenhagen but he 
was also a geologist. Steno’s deductions from quartz were confirmed as a 
general law of nature by GuGLiELmint, who published two memoirs on 
the subject in 1688 and 1705. 

CARANGEOT, Romé de I’Isle’s assistant, invented the contact goniometer 
in 1780. This was a semicircular protractor, graduated in degrees, with an 
arm pivoted at the centre of the scale. By placing two faces of a crystal 
along the edge of the protractor and the arm, the angle between those 
faces could be read on the scale. By means of numerous measurements with 
the contact goniometer Romé de I’Isle was able, in 1783, to verify the law 
of the constancy of interfacial angles with greater accuracy than had been 
possible hitherto. 

The greatest advances in the early development of crystallography were 
made by the Abbé René Jusr Hatiy, who has often been called the Father 
of Crystallography. He was at one time Professor of Mineralogy in the 
Museum of Natural History in Paris, and also an honorary Canon of Notre 
Dame. Hatiy’s work spanned the fields of crystal morphology and structure 
and provided a great stimulus for future work. In 1784 Hay published an 
essay on a theory of crystal structure, based on a study of the cleavage or 
plane fracture of crystals. With the aid of this theory he was able to demon- 
strate that all the numerous faces which may appear on crystals are related 
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in a simple way to the crystal structure and to each other. He showed that 
if a suitable set of axes, usually three, is chosen within the crystal, these 
may be used as co-ordinates to define the orientation of all the faces. ‘The 
ratios of the lengths of the intercepts which a face (produced if necessary) 
makes on the axes was shown to be simply related to the ratios of the inter- 
cepts of other faces. When suitable units are chosen, the ratios of the inter- 
cepts of a face are all found to be small, rational whole numbers. This 
relationship is often called the Law of Rational Indices, the reason for which 
will be apparent after indices have been described. Crystals were thus seen 
to possess a high degree of order. Hatiy also announced that every crys- 
talline substance possessed its own crystalline form. These were great and 
important advances in the young science of crystallography. 


(b) Lhe Symmetry of Crystals 


In the period from 1830 to 1867 much attention was paid to the symmetry 
of the external form of crystals, work which is associated with the names 
of HessEL, GADOLIN and von Lance. Crystals may exhibit symmetry of 
three kinds: about a plane, about a line and about a point, known respecti- 
vely as a plane of symmetry, an axis of symmetry and a centre of symmetry. 
When a plane of symmetry passes through the centre of a geometrically 
perfect crystal it divides the crystal into two parts, equal in size and shape, 
which are mirror images of each other. When a crystal is rotated through 
360° about an axis of symmetry it presents the same aspect to the observer 
on two, three, four or six occasions, depending upon the degree of symmetry 
shown by the axis. When a crystal possesses a centre of symmetry, a line 
passing through any particular point on its surface, when produced an 
equal distance on the opposite side of the crystal will pass through an 
identical point. The crystallographers mentioned above were concerned to 
find the number of different types of symmetry possible in crystals. They 
all agreed eventually that only 32 types of symmetry were possible in the 
external forms shown by crystals. Each of these types was called a ‘class’ 
of symmetry. It is interesting to note that at the time their work was carried 
out only a few of the possible 32 classes had been observed. The 32 classes 
of symmetry are grouped into seven ‘systems’, which each have certain 
characteristics in common, namely the crystallographic axes. These are the 
axes, mentioned above, used to define the orientation of the faces on a 
crystal. In the cubic system there are three crystallographic axes of equal 
length at rightangles to each other. In the tetragonal system there are three 
crystallographic axes at rightangles, two of which are of equal length, while 
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the third is longer or shorter. In the orthorhombic system there are three 
crystallographic axes at rightangles of unequal length. The monoclinic 
system is defined by three unequal axes, two of which are at rightangles, 
while the third is inclined. In the triclinic system there are three unequal 
axes, none of which are at rightangles. The hexagonal system has three 
equal axes at angles of 120°, with a fourth axis at rightangles to them which 
may be longer or shorter. In the trigonal system the same axes as in the 
hexagonal system are sometimes used, or otherwise three equal inclined 
axes, parallel to the edges of a rhombohedron. 


(c) Lndexing of Crystal Faces 


It is most desirable to have some precise method for referring to each of 
the faces which may be developed on a crystal. The method which is almost 
universally adopted nowadays is called the Millerian system of notation, 
named after Professor W. H. Miter of Cambridge. In 1839 Mriier gave 
this notation widespread publicity by using it in his Treatise on Crystallo- 
raphy, although the method had been suggested earlier by the Rev. Dr. 
WHEWELL. 

In general a set of three axes within the crystal is chosen as co-ordinates. 
These are known as the crystallographic axes, and have the characteristics 
mentioned above for each of the crystal systems. The axes usually chosen 
are parallel to the edges of the parallelepiped of the unit cell of the crystal, 
and this parallelepiped may be considered to enclose one unit of the structure 
of the crystal. The directions of the crystallographic axes are therefore not 
arbitrary, but correspond to important directions in the crystal lattice. 

In the orthorhombic system, for example, there are three crystallographic 
axes at rightangles, all of different lengths, so that the unit cell has the 
shape of a common brick. A conventional orientation of the axes has been 
adopted, the reading position, so that crystals may be described in a uniform 
manner. In orthorhombic crystals two of the ctystallographic axes are 

c placed horizontal, one running from front to back and the 
other from left to right, while the third axis is necessarily 
vertical. For brevity letters are assigned to the axes, the front- 
to-back axis is designated a, the left-to-right axis is called b, 
E ® and the vertical axis is ¢ (Pipi 1}, 

Let us consider an orthorhombic crystal with the shape 
of a brick, in which the lengths of the sides parallel to the 
ig 1/ Sita he Se ee and projections of crystals, are 
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a-, b- and c-axes measure 4, 1 and 2 inches respectively (Fig. 1/2). For sim- 
plicity it will be imagined that the ratios of these lengths also represent 
the ratios of the lengths of the three sides of the unit cell, so that the axial 
tatios (the ratios of the lengths of the crystallographic 
axes) will be 0.5: 1:2. Now consider the front face 
of the crystal. This will cut the a-axis but will be 
parallel to the b-and c-axes. Since this face only cuts 
one axis we can, for simplicity, call the intercept made 
on the a-axis by the front face one unit of length. The 
Miller symbol of a face is obtained by first writing 
successively the intercepts made by that face on 
the a-, b- and c-axes respectively, using the correct 
units of length for each axis. When a face is parallel 
to an axis the intercept may be written as infinity. 
The intercepts made by the front face of the crystal 
on the three axes will be one, infinity and infinity. The actual Miller 
symbol consists of three indices which are the reciprocals of the intercepts, 
in this case (100), as shown in Fig. 1/2. It is customary to place the symbol 
of a face in round brackets, as shown. This symbol is read as three separate 
indices, “one, nought, nought’, and not as ‘one hundred’. The back face 
of the crystal will clearly have a similar symbol, for it will cut the a-axis 
at the back and be parallel to the b- and c-axes. To distinguish between 
these two faces the back end of the a-axis is regarded as negative, and a 
minus sign is placed over the first index to represent a negative intercept 
on the a-axis (100), which is read as ‘minus one, nought, nought’. The 
vertical face at the right-hand end of the crystal will have the symbol (010), 
_and its opposite parallel face will be (010), since the left-hand end of the 
b-axis is taken to be negative. The c-axis is regarded as positive at the top 
and negative at the lower end, so that the upper and lower horizontal 
faces of the crystal will have the symbols (001) and (001) respectively. The 
faces on crystals will usually be found to fall into groups of two, three, 
four or more having similar characteristics, such as lustre and surface 
markings, which have the same size and shape when the crystal is perfectly 
developed. Such a group of faces, all related to each other by the symmetry 
of the crystal, is called a ‘form’. On the crystal discussed above the six 
faces fall into three pairs of parallel faces, those in each pair having the same 
size and shape. Each of these pairs constitutes one form. A form is indicated 
by taking one face in which all the indices are positive, if possible, and 
placing its symbol in braces, thus {100}. The form {100} comprises the 


two faces (100) and (100). 


c 





¢ 
Fig. 1/2. 
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It is convenient to consider the crystal as built up of small structural 
units which have the shape of the unit cell. In the case of orthorhombic 
crystals this unit is of the shape of a brick, but the dimensions will vary 
from one substance to another. A larger composite body, with the same 
relative proportions as the structural unit, can be made by stacking the 
smaller units together in the appropriate manner. Fig. 1/3 shows such a 
crystal composed of seven lattice units in width, depth and height. This is 
the simplest method of stacking such units. 

When the structural units are stacked in other ways new forms are devel- 
oped on the crystal. Fig. 1/4 shows the same general structure as in Fiovl, 
but with structural units omitted systematically from the vertical edges, 





Fig. 1/3. Fig. 1/4. Fig. 1/5. 


parallel to the c-axis. When a path is traced from the front of the crystal 
to the right-hand side, it will be seen that for each unit step to the right 
there is a unit step to the back. In other words, for each unit step along the 
b-axis there is also one along the a-axis. Since the structural units are 
exceedingly small and quite invisible the crystal actually appears as in 
Fig. 1/5, in which each vertical face cuts the a and b-axes at one unit of 
length, and is parallel to the c-axis. The symbol of the front right-hand 
face is (110). A form with three or more faces parallel to the c-axis is called 
a prism. This prism, {110}, has four faces, the symbols of the other three 
being (110) front left; (TT0) back left; and (110) back right. 

Fig. 1/6 illustrates another modification of Fig. 1/3 in which the lateral 
edges parallel to the a-axis have been truncated, or replaced by a face. The 
normal appearance of the crystal is shown in Fig. 1/7. This truncation 
gives another four-faced form, in which each of the faces cuts the b- and 
c-axes and is parallel to the a-axis. The symbol of this form is {011}, and 
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comprises the faces (011), (011), (OTT) and (011). Such a form is often called 
a dome. 

Fig. 1/8 and 1/9 illustrate another form obtained by truncating the edges 
of Fig. 1/3 which are parallel to the b-axis. The symbol of the form is {101}, 





Fig. 1/6. Fig. 1/7. Fig. 1/8. Fig. 1/9. 


comprising the four faces (101), (101), (101) and (101). This form is also 
frequently called a dome. The two types of domes are distinguished by 
their crystallographic symbols. The forms so far described have been of 
the simplest kind. Prisms are not uncommon which make different inter- 
cepts on the a- and b-axes, such as {210} and {120}. In the prism {210} the 
face (210) makes a shorter intercept on the a-axis 
than on the b-axis, because the indices given in the 
symbol are the reciprocals of the intercepts, and 
therefore an index 2 represents an intercept of }. 
Similarly domes such as {012}, {021}, {102} and 
{201} may be found. Many forms with higher ; 
indices are known, but they are not very common. 
For an orthorhombic crystal all the types of 
form have been considered which cut one axis 
ot two axes, and it only remains to describe the 
type of form which intersects all three of 
the crystallographic axes. A form like the iu 
illustration of Fig. 1/10 is called a bipyramid, as Fig. 1/10. 
it is doubly terminated, like two simple pyramids 
base to base. The form illustrated has the symbol {111}. It has the same 
axial ratios as all the earlier drawings. An orthorhombic bipyramid is 


c 
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an eight-faced form. Bipyramids with other symbols may occur, such as 
(OUT D ALT 21866314 fetoe, 


4. Crystallography of Sucrose 
Dr. A. F. SEAGER 


Crystals of sucrose belong to the monoclinic crystal system. In this system 
there are three unequal crystallographic axes, two of which are at right- 
angles while the third is inclined. In the conventional orientation, in which 
an observer is supposed to study the crystal, the c-axis is vertical, the b-axis 
is horizontal and runs from left to right, while the a-axis is inclined down- 
wards from back to front (Fig. 1/11). The latter axis is therefore at rightangles 
to the b-axis, but is inclined to the c-axis. The positive and negative ends of 
the axes are the same as in the orthorhombic system, illustrated in Fig. 1/1, 
and shown also in Fig. 1/11. 

In the monoclinic system there are three classes of symmetry. The most 
symmetrical class (holosymmetric class) possesses an axis of two-fold sym- 


TO! Tol 








{OT ra 
Fig. 1/11. Fig. 1/12. 





metry, which coincides with the crystallographic b-axis, a plane of symmetry 
normal to this axis, and hence coinciding with a possible face (010), and a 
centre of symmetry. Of the two less symmetrical classes one (the domatic 
class) has only a plane of symmetry, which is parallel to (010), and the other 


(the sphenoidal class) has only an axis of two-fold symmetry, which coin- 
cides with the b-axis. 


So Bis account of crystal morphology and the determination of indices has been made 
short and simple deliberately. Formal descriptions of the determination of axial ratios 
and indices have been omitted. Likewise, names have been given to few forms, as a 
confusing diversity exists in the literature. For those wishing to pursue ‘classical’ crystallo- 
graphy further, an excellent textbook is Ay Introduction to Crystallography by F C. PHIL 
Lips, published by Longmans, Green & Co., London, 1946, fo ; 
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It is now necessary to decide to which of the three monoclinic classes 
sucrose belongs. Evidence of several kinds is available on which a decision 
can be based. The first evidence to be studied is usually the symmetry dis- 
played by the forms developed on the crystals. This kind of evidence may 
or may not lead to a unique solution. If a crystal belongs to one of the less 
symmetrical classes and develops forms exhibiting the full symmetry of its 
class, this information alone can be used to decide the class. A crystal may 
not, however, necessarily develop such forms, in which case other lines of 
enquiry must be made. Even if the forms developed by the crystal seem to 
indicate its true symmetry clearly it is still most desirable to corroborate 
the conclusion with other tests. 

In the drawings of sugar crystals (Figs. 1/11 to 1/22) it will be seen that 
many of the crystals have a pair of inclined faces at the left hand end, the 
faces (011) and (011). In only one case is a similar pair of faces seen at the 
right hand end of the crystals, in Fig. 1/13, and even then they are smaller 
than the corresponding faces on the left. A pair of small, rarely developed 
faces is also seen on the top front left and lower back left corners in Fig. 1/11. 
They are the faces (111) and (111). This face development strongly suggests 
a lateral asymmetry in crystals of sucrose. This is borne out by three further 
observations. On the large Kandi crystals grown supported on a thread 





Fig. 1/13. Fig. 1/14. 


it may be seen that the centre of the thread within the crystal is to the left 
of the centre of the crystal in the customary orientation. This is not always 
clear in every crystal, but if a large number are examined it is obviously true 
for the majority. This indicates that the crystal grows rather more rapidly 
to the right of its centre than to the left. Again, if newly-grown crystals are 
examined, which are untouched by hand, it will be seen that the left hand 
vertical (prism) faces have a higher lustre and are more smooth or plane 
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than the corresponding faces at the right hand end of the crystal. Finally, 
if the same four faces are etched, by subjection to very slight solvent action, 
the minute etch-pits which are developed have a different shape on the left 
hand pair of faces to those found on the right. 

All the observations mentioned in the last paragraph point to the same 
conclusion, that there are certain physical differences between the left and 
right hand ends of the crystal. This is enough evidence to prove the class 
of symmetry to which sucrose belongs. Of the three classes of symmetry 
belonging to the monoclinic system the first two mentioned above possess 
a plane of symmetry. This plane is at rightangles to the b-axis and parallel 
to a possible face (010). When such a plane of symmetry is present, the left 
and right hand ends of the crystal should show the same face development, 
in a perfect crystal, and should be identical in all other properties. We may 
therefore deduce that sucrose belongs to the sphenoidal class of the mono- 
clinic system, in which the only symmetry element is an axis of twofold 
symmetry, and there is no plane or centre of symmetry. This conclusion 
may be confirmed by a study of the optical properties of sucrose. Sucrose 
crystals are optically active, causing the plane of polarised light to be rotated 
when a beam is propagated parallel to either of the optic axes. This property 
is to be expected in crystals belonging to the sphenoidal class, but not in 
those in either of the other two classes of the monoclinic system. 

Some of the crystallographic constants of sucrose will now be given. 


Axial ratios, a: b: ¢ = 1.2595 : 1 : 0.8782. 
The axial angle 6, between the a- and c-axes is 103° 30’. 


From these constants it is possible to calculate the interfacial angle between 
any pait of faces on the crystal. Table 1 below gives the interfacial angles 
(measured as the angles between the normals to the faces) for the faces which 
commonly occur on crystals of sucrose. 


TABLE 1 


INTERFACIAL ANGLES OF SUCROSE CRYSTALS 
a eeeeSeSeseseseeSFSse 





Pair of Angle 

Faces 
(101) (001) se See Hs 
(001) (101) tian I 
(101) (100) 46° 15’ 
(100) (101) 64° 30’ 
(100) (110) 50° 46’ 
(001) (011) 40° 30’ 
(101) (111) 32° 2A! 


se 
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Now that the symmetry has been determined it is possible to describe the 
forms developed on crystals of sucrose. A form is a set of crystallographi- 
cally equivalent faces; if one face of a form is present the rest of the set is, 
theoretically, demanded by the symmetry. Since the only element of symmetry 
in sucrose is an axis of twofold symmetry all forms will consist of two faces 
only, related to each other by a rotation of 180° about the axis of symmetry. 
There is a (theoretical) exception to this statement, for a possible face or 
faces at rightangles to the axis of symmetry. One could occur at each end 
of the crystal, that on the right of the crystal having the index (010) and 
that on the left (010). If a face at rightangles to the axis of symmetry is 
rotated through 180° no new plane is developed, therefore the faces (010) 
and (010) are independent of each other and each is a separate one-faced 
form. These two forms have not yet been recorded on sucrose. With these 
exceptions all forms on sucrose consist of two faces. When a face is parallel 
to the axis of symmetry, as many are, the form will comprise a pair of 
parallel faces. 

The drawings of sucrose crystals in Figs. 1/11-1/17, 1/21 and 1/22 
represent idealised drawings of the various habits the author was able to 
find when he had the opportunity of studying a collection of seventy 
crystals of sucrose, most of which measured one to one and a half inches 
in length. Except for the left-hand half of Fig. 1/22, the drawings are 
idealised in the sense that both faces of a form are represented as being the 
same size. Owing to certain vicissitudes of growth this is often not the case 
on real crystals, in fact it is not uncommon in sucrose to find that only one 
face of a form is actually developed. Figs. 1/18 to 1/20 illustrate habits not 
represented in the collection mentioned above, but are new drawings of 
habits described in the literature. In Figs. 1/11 to 1/21 the upper drawing 
is a plan view, or projection along the c-axis, while the lower drawing is a 








TABLE 2 
FORMS COMMONLY DEVELOPED ON CRYSTALS OF SUCROSE 
Letter Symbol Miller Symbolof Miller Symbol of 
Form Faces in Form 
a £100} (100), (100) 
c 001} (001), (001) 
p {110} (110), (110) 
p’ {110} (110), (110) 
d {101 } (101), (101) 
r {107} (101), (101) 
q {011} (011), (OTT) 
q’ {011} (011), (011) 
oO {111} (111), (111) 
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front view, in which the crystal is rotated slightly clockwise and has a 
small tilt forward. In Fig. 1/22 the forward tilt has been omitted in the 
lower drawing in order to show the (001) face of that part of the twin crystal 
which is in reverse orientation. 

Table 2 gives the letter symbols commonly used to refer to the forms 
on crystals of sucrose, together with the Miller symbol of the form, and 
of the two faces which comprise each form. 

Of these forms the least common are certainly {111} and {011}. Most of the 
others occur on the majority of crystals, but {011} and {101} are not 
infrequently absent. {011} is missing in Figs. 1/15 and 1/21, while Fig. 1/16 
shows how {001} may grow at the expense of {101}, even causing its 





Fig.€1/15. Fig. 1/16. 


elimination. On the majority of crystals {100} is the largest form, and the 
crystals are usually slightly flattened or tabular in this direction. Occasio- 
nally the flattening becomes pronounced, and the crystals are markedly 
tabular on {100}, as shown in Fig. 1/21. This tabular habit is also charac- 
teristic of the twin crystals in the collection studied, as illustrated in Fig. 1 i223 
One crystal showed a distinct trend away from the flattened habit, being 
relatively much thicker in the direction of the a-axis (Fig. 1/17). Sometimes 


001 Olt 00s ae 





110 
oj! 
Fig, 1/17: Fig. 1/18. 
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elongated habits occur. The acicular or needle-like habit of Fig. 1/18 shows 
a crystal elongated on the b-axis by the Prominent development of {100} 
and {001}. The crystal of Fig. 1/19 is elongated on the c-axis by the pto- 
minent development of {110} and {110}. Fig. 1/20 shows an unusual 


ong 


OO > 
hy Ss ; 
ITO n0\ 
100 | 
ay 
101 


Fig. 1/19. Fig. 1/20. 


triangular crystal formed by the dominance of {011}, which is here so 
exaggerated that {001}, {101} and {101} are completely eliminated. 

The last drawing represents a twin crystal (Fig. 1 /22). When many crystals 
are grown in one vessel it is not uncommon for various kinds of aggregates 


10) 
Yate IFS 
ae aaa 
a ee, = 


OOo! 





110 





OO7 110 101 
Fig. 1/21. Fig. 1/22. 


to be formed. Most aggregates are of a random character, two or more 
crystals growing into each other in chance orientation, often due to over- 
crowding. But there are several kinds of ordered aggregate which may 
occur in crystals, when two or more individuals intergrow according to 
definite geometrical laws. The simplest type of aggregate is formed in 
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parallel growth. In this case two or more crystals grow upon each other 
with their respective crystallographic axes and corresponding edge direc- 
tions all parallel. A more complex type of intergrowth is found in twin 
crystals, in which two or more individuals intergrow according to definite 
geometrical laws, which are closely connected with the symmetry of the 
crystal concerned. The orientation of one part of the twin with respect to 
the other is related either by reflection across a plane or by a rotation of 
180° about an axis or by both processes. The plane and axis used to describe 
twinning are called a twin plane and twin axis. The twin plane cannot be 
parallel to a plane of symmetry in the untwinned crystal, and a twin axis 
cannot coincide with an axis of symmetry of even degree in the untwinned 
crystal, that is one of twofold, fourfold or sixfold symmetry. Thus a twin 
axis may be parallel to an axis of threefold symmetry, or it may not coincide 
with any axis of symmetry. 

In sucrose the twinning can be described as due to reflection across a 
twin plane parallel to the face (100). Consider a crystal of the habit of 
Fig. 1/21. This forms the right-hand part of the twin shown in Fig. jee 
Now visualise another crystal, in front of the right-hand part, which is a 
mirror image of that part across a plane parallel to the face (100), so that 
both parts have their (100) faces in contact. These two crystals are now 
in twin orientation, they are said to be twinned on the plane (100), as this face 
is the twin plane. The two crystals are mirror images of each other across the 
twin plane. In other words, if one of the crystals is removed and a mirror 
put in its place, parallel to (100), the crystal and its mirror image will appear 
to occupy the positions of the two single crystals before one was removed. 
The above description indicates the relative orientation of the two parts 
of the twin of sucrose, but not their mode of attachment. The parts of a 
twin may interpenetrate irregularly, or they may be attached on a plane 
or nearly plane surface. In the case illustrated the crystals are united as 
though the face (010) of the right-hand part was in contact with the (010) 
face of the left-hand part. 

The right-hand part of this twin is shown in the usual orientation, with 
the faces (101) and (001) appearing in the front at the upper part of the 
crystal. The left-hand part of the twin is inverted with respect to the 
tight-hand part. The left-hand part is indexed as though it had been reflected 
across the plane (100). Its upper face is (101), which is the symbol of the 
upper face at the back of the tight hand part. (Only the front faces of the 
oe have had symbols placed on them. If any difficulty is experienced 

letermining the symbols of the back faces it may be of assistance to 
realise that parallel faces have exactly the same numerical symbols but with 
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all signs reversed. In most of the drawings, where undue complication is 
not introduced, the back faces have been shown. Thus the opposite face 
to (100) is (100), of (101) it is (101). This method is applicable in cases, where, 
as in some faces on sucrose, the parallel faces even belong to different forms; 
for example the parallel face to (110) is (110), and for (011) it is (011). The 
reason for this rule is that parallel faces must cut the opposite ends of the 
same axes.) The remaining faces whose symbols are given on the front of 
the left-hand part will be found at the back of the right-hand part of the twin. 


(a) Crystallographic Zones 


A zone in crystallography is a group of faces which are all parallel to one 
line, which is called the zone-axis. The faces of one zone meet each other 
in parallel edges, which are themselves parallel to the zone-axis. In some 
cases it is necessary to produce the faces to cause them to meet other faces 
in the zone. Nearly all the crystals of sucrose illustrated have two very 
prominent zones. In one case the b-axis is the zone-axis, and in Fig. 1/11 
to 1/15, for example, there are eight faces in this zone, composed of a pair 
of faces of each of the forms {100}, {101}, {001} and {101}. It will be ob- 
served that in each of these symbols the middle index is a nought, indicating 
that the face is parallel to the b-axis. The other well developed zone has the 
c-axis as zone-axis. This zone, containing six faces, is to be found on every 
one of the twelve drawings of sucrose. The three forms in this zone are 
{110}, {100} and {110}. It will be noticed that in this case the third index 
of each form is a nought, indicating that all the faces are parallel to the 
c-axis, and the edges between the faces are also parallel to that axis. Another 
zone of six faces may be seen in Fig. 1/13, consisting of the forms {011}, {001} 
and {011}. In this case parallel intersections may be seen between the faces 
(011), (001) and (011) on the top of the crystal, and also between the three 
opposite parallel faces in the lower part of the crystal. In this particular 
crystal there are no edges parallel to the zone-axis between the faces (011) 
and (011) or between (011) and (011). These are examples of faces which 
have to be produced before an intersection may be obtained. The last 
zone described has the a-axis as zone-axis, and all faces falling in this zone 
have a nought for the first index. 

Each of the zones mentioned above had its zone-axis parallel to one of 
the crystallographic axes. Any further zones which may be found on the 
crystal will have their zone-axes oblique to the crystallographic axes. In 
such cases it will not be possible to find the zones by observing the position 
of noughts in the indices. In the Figs. 1/13 and 1/14 there is a well developed 
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zone parallel to certain prism edges, comprising the faces (001), (110), 
(00T) and (110). In Fig. 1/15 there is in addition to this zone another similar 
one containing the faces (001), (110), (001) and (110). In the crystal of Fig. 
1/11 other zones may be found including faces of the form {111}. In general 
a zone may be defined by the intersection of any two non-parallel faces on 
a crystal. 

Zones have several interesting and useful properties. The symbols of 
faces lying in one zone are simply related to each other by an addition 
scheme. Consider the symbols of three adjacent faces in one zone. The 
symbol of the middle face can be obtained by adding # times the symbol of 
the face on one side of it to w times the symbol of the face on the other side, 
if account is taken of algebraical sign. In the majority of cases » and m 
are both unity, particularly on crystals of simple habit or form development 
like sucrose, but it is not safe to assume a value of unity. To take an example: 
on many of the crystals of sucrose a narrow face replaces the edge between 
the faces (100) and (001). These symbols should be added, index to index, 
for the a-, b- and c-axes, respectively, as follows 


100 
001 


101 


In this case (101) is the correct symbol of the face. When (110) and (110) 
are similarly added the symbol of the front face (100) is obtained. Conversely 
this method may be used to ascertain if three faces do actually lie in the 
same zone. If the addition of the symbols, or any integral multiple of them, 
gives the symbol of the intermediate face, then those faces belong to the 
same zone, 

On some crystals the certain determination of indices can be accom- 
plished by the use of zone-symbols. A zone-symbol may be calculated from 
the symbols of any two faces in a zone which are not parallel. Let the symbols 
of two faces be (hA/) and (pgr), and the zone-symbol, which is enclosed 
in square brackets, be [wm]. The symbol of the zone is found by cross- 
multiplying the symbols of the faces in the following manner. The symbol 
of one face is written above the other, each symbol 


hAikR lh ki 
oe 


qrpq 








P 


r 


being repeated. Two vertical lines are drawn to indicate that no use is 
made fo the end index of each row. The value of v is found by multiplying 
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the two indices joined by the first diagonal north-west to south-east stroke, 
& and r, and subtracting from them the product of the indices joined by 
the cross stroke, / and q. Proceeding in a similar manner » = lp — hr and 
w = hq — kp. The zone-symbols will now be calculated for some of the 
zones common on crystals of sucrose. The best developed zone, containing 
(100) and (001) will be taken first. 


1;0 01 0 
Kon 


010 0 


0 
u=(0 x 1)—(0 x 0); = (0 x 0)-(1 x 1);»=(1 x 0)—(0 x 0). 


0 1 








Hence the zone-symbol [ww] is [010]. If, when cross-multiplying, the 
symbol (001) had been placed above that of (100) the zone-symbol would 
have been [010], the same symbol, but of opposite sign. This indicates that 
the sign is of little importance, the sign of all three integers may be changed 
without affecting the significance of the symbol, but it is not permissible 
to alter the sign of one or two integers only. The reason stems from the 
significance of the zone-symbol. It is a set of co-ordinates defining the 
direction of the zone-axis with respect to the crystallographic axes. If it 
is imagined that the zone-axis passes through the point at which the three 
crystallographic axes meet, then the zone-symbol defines another point 
on the zone-axis, and hence defines its direction. The three crystallographic 
axes are thus used as a system of coordinates, like a three-dimensional 
graph. The zone-symbol [010] indicates that the other point which is being 
defined on the zone-axis is not displaced at all along the a-axis, it is displaced 
along the b-axis, and it is not displaced along the c-axis. Therefore this other 
point can only lie on the b-axis. Since the zone-axis also passes through 
the point of intersection of the three crystallographic axes this zone-axis 
must coincide with the b-axis. The significance of the zone-symbols [010] 
and [010] is that the first symbol defines the other point on the zone-axis 
on the right-hand side of the crystal, while the second symbol defines it 
on the left. Since both points lie on the same straight line they both define 
the same zone-axis. It will be noted that the zone-axis is parallel to the edges 
between faces lying in the zone. 

The zone-symbol for the zone containing the faces (100) and (110) is 
[001], indicating that the zone-axis coincides with the c-axis, as is evident 
from the edge-direction of the zone. The zone-symbol for the zone contain- 
ing the faces (001) and (011) is [100], so that in this case the zone-axis 
is parallel to the a-axis. 

Zone-symbols are of particular value for two purposes. If the symbol 
of a face and of a zone are known it is possible to find by calculation whether 
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that face belongs to the zone. If the symbol of the face is (4A/) and that of 
the zone is [ww], then the face belongs to the zone when fu + kv + fy = 
zero. 

Zone-symbols may be used to find the symbol of a face which lies at the 
intersection of two zones by cross-multiplying the symbols of those zones. 
Let it be supposed that, in the crystal of Fig. 1/11, the symbols of all the 
faces ate known except for that of the relatively rare face (111). From the 
two pairs of parallel edges bounding it, the fact may be deduced that this 
face lies at the intersection of two zones, one passing through (100) and 
(011), and the other through (110) and (001). The symbols of both zones 
must first be obtained. Cross-multiplying (100) and (011) with the first 
symbol above gives the zone-symbol [011], and in the second zone, cross- 
multiplying with (110) above, the zone-symbol [110] is obtained. When 
these two zone-symbols are cross-multiplied with [110] above, the face 
symbol (111) is derived, which is the correct symbol of the face. If the 
cross-multiplication of zone-symbols had been carried out with [011] above, 
the answer would be the face symbol (111). This is a face of a form which 
does not occur on the crystal shown in Fig. 1/11. It will be observed that 
the face (111) has all its signs reversed compared with (111), and it will 
therefore be a face parallel to (111) on the Opposite side of the crystal. 
This type of ambiguity is always possible, but the correct answer can easily 
be found by inspection. 


(b) The Stereographic Projection - 


This is the projection most widely used to tepresent crystals. Drawings 
and stereographic projections of crystals are, in a sense, complementary. 
In a drawing it is possible to represent the shape and relative size of the 
faces on a crystal, but little information can be teadily derived about inter- 
facial angles, the angles between the crystallographic axes or axial ratios. 
The stereographic projection, on the other hand, gives precise information 
about interfacial and interaxial angles, and will yield axial ratios, but it 
gives no indication whatsoever of the shape of individual faces or of their 

telative development, which determines the habit of the 


ASS crystal. 


Sots Fig. 1/23 shows a four-faced cube, which is like a cube on 


which a low four-faced ‘pyramid’ has been added to each 

Ben ys face. The principle of the stereographic projection is 
Se. illustrated in Fig. 1/24, in which some faces of the four-faced 
Fig. 1/23. cube are projected. It is imagined that the crystal is sur- 
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rounded by a sphere, both having a common centre. The crystal is shown 
projected along one of its crystallographic axes, and a zone of eight faces, 
Berek, Pd) x, Ys 4s normal to the plane of the paper. The faces in 
this zone will be projected stereographically. Project the normal to each 
face until it cuts the surface of the sphere. This point on the sphere is called 
the ‘pole of the face’. For example, 
DE is the normal to the face D,and # 
is the pole of that face. Let N and S 
tepresent the north and south poles 
of the sphere. If the pole of a face 
falls in the northern hemisphere it is 
joined by a line to the south pole, for 
example FS, and this line cuts the 
equatorial plane ABC at F. The 
equatorial circle ABC, with centre O, 
shown in the lower part of the figure, 
is at rightangles to the same circle 
ABC in the upper part of the figure. 
The final stereographic projection is 
made on the equatorial plane of the 
sphere of projection, hence it is 
necessary to project F to F’, which is 
the required point in the projection. 
Since the face D is normal to the 
plane ANCS the normal to D lies in 
that plane, and therefore falls on the 
line AC in the lower circle. Similarly, 
the normal to the face G meets the sur- 
face of the sphere of projection at H. 
The line joining H/ to the south pole 
cuts the equatorial plane at /, and /’ B 

is the point required in the final Fig. 1/24. 

projection. The remaining faces in the 

upper hemisphere, K and P, are projected in the same manner. The poles 
of these faces are found at Z and O and are ultimately projected to A’ and 
R’, respectively. Faces in the lower hemisphere are projected in the same 
way, except that the poles of the faces are joined to the north pole. The 
pole of the face T is found at U, and UN, joining the face pole to the north 
pole, cuts the equatorial plane at /, and is finally projected tof eer he 
projections of the faces D and 7 therefore coincide. Similarly the pole of 
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the face V’ is at W, and it is projected to / and /’. The remaining faces in the 
lower hemisphere, X and Y, are finally projected to M’ and R’. The faces 
T, V, X and Y of the lower hemisphere are thus projected to the same 
points as the faces D, G, K and P, respectively, of the upper hemisphere. 
The reason for this may be seen from the upper part of the figure. The 
plane ABC, the equatorial plane, is a plane of symmetry of the crystal. 
The face D is thus a mirror image of the face 7, G is a mirror image of lV, 
and K and P are mirror images of the faces X and Y. Faces related by a 
plane of symmetry have their poles similarly related to that plane. Thus 
the faces D and 7 are mirror images of each other, and their poles & and U 
are also mirror images across the plane ABC, the former pole falling in the 
upper hemisphere and the latter in the lower hemisphere. It is the conven- 
tion in stereographic projections to represent faces whose poles fall in the 
upper hemisphere by a point or 
small dot and those falling in the 
lower hemisphere by a small open 
circle, as shown in the lower part 
of Fig. 1/24. 

As a further example of making 
a stereographic projection a cube 
is illustrated in Fig. 1/25 and its 
projection in Fig. 1/26, in which 
the upper and lower circles have 





Fig. 1/25. 


the same significance and orienta- 
tion as in Fig. 1/24. GN is the nor- 
mal to the upper face of the cube, 
(001), so that the pole of this face 
coincides with the north pole of 
the sphere of projection. The line 
joining NV to the south pole passes 
through the centre of the sphere of 





Fig. 1/26. 
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projection at O, and is therefore shown at the centre of the equatorial plane 
in the lower part of the figure. The lower parallel face of the cube, (001), 
is projected to the same point, and represented by a small open circle. The 
tight hand side face of the cube, (010), has its pole at C in the upper part 
of the figure. This point on the surface of the sphere also lies on the circum- 
ference of the equatorial plane, and this is therefore the required point 
in the projection. The parallel opposite face, (010), will be projected in a 
similar manner to the point A. The normal to the front face of the cube, 
(100), is OB, which is fore-shortened to a point in the upper part of the 
figure. OB also lies in the equatorial plane, and therefore B is the required 
point in the projection. The parallel face at the back of the cube, (100), 
is projected to D. 

When first using the stereographic projection it is not always easy to 
visualise the shape of a crystal from the distribution of points in a stereo- 
gram. Several characteristics of the projection can be deduced from the 
Figs. 1/24 and 1/26 which may help considerably in the three-dimensional 
visualisation of crystals. Firstly, when a cube is held in the conventional 
orientation, the horizontal faces both appear in the centre of the projection. 
Secondly, the four vertical faces of the cube appear on the circumference 
of the projection, on what is often called the primitive circle. Moreover, 
the direction of all vertical faces is given by the tangent to the primitive 
circle at the point representing the projected face. In the case of the cube 
the four tangents fall into two pairs which are mutually perpendicular, 
as ate the corresponding faces on the cube. 

In the three crystal systems which possess crystallographic axes at right- 
angles (cubic, tetragonal and orthorhombic systems) the crystallographic 
axes ate orientated in a stereographic projection as in the lower part of 
Fig. 1/26. The vertical axis of the crystal passes through the centre of the 
projection normal to the plane of the paper, while the front-to-back and 
left-to-right axes of the crystal run up-and-down and left-to-right on the 
page. If a face is parallel to an axis the normal to that face will also be 
normal to the axis. Thus faces lying parallel to the front-to-back axis, as 
D, G, K, P, etc. in Fig. 1/24, will appear, in projection, along the left-to- 
right axis, and vice versa. 

It has now been shown that a horizontal face lies in the centre of the 
projection and a vertical face on the circumference. From Fig. 1/24 it will 
be seen that for inclined faces the steeper is their slope the nearer the cir- 
cumference do they appear. The inclined face D is relatively steep and 
appears in projection at F’, while the shallower face G is projected nearer 
the centre at /’. Thus a face which is projected on the left-to-right line 
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will slope to one side of the crystal, and one projected on the front-to-back 
line will slope to the front or back of the crystal. Faces projected on any 
radius of the primitive circle will have a slope outwards from the centre of 
the circle in the direction of the radius. 

In the monoclinic system, to which sucrose belongs, the three crystallo- 
graphic axes are not all at rightangles, and a slight modification is necessary 
in the method of their projection. Two methods are commonly used. In 
one (see Fig. 1/27) the projection is made along the b-axis. The c-axis is 
placed parallel to the length of the page, with its positive end at the top, 


OOol Sc 





Fig. 1/27. 


and the a-axis slopes downwards from right-to-left across the page, the 
slope depending upon the value of the angle 6. The positive end of the 
a-axis is on the left. To assist in visualising the projection an outline drawing 
of a crystal of suctose, viewed along the b-axis, has been placed in the 
centre of the stereogram. All faces parallel to the b-axis appear on the 
primitive circle in projection. It will be seen that the radius passing through 
any of these projected points is normal to that face in the drawing of the 
crystal. The face (010) will appear in the centre of the projection, since it 
1s normal to the b-axis. This face does not appear on crystals of sucrose, but 
knowledge of its position in the projection assists in the plotting of other 
faces. From the addition scheme of indices it is clear that (110) must lie 
between (100) and (010). Also (011) will lie between (001) and (010) as well 
as in the arcuate zone between (110) and (101). The face (010) will be pro- 
jected to the same point as (010), but will lie in the lower hemisphere. The 
ota a a in zone with (101) and (010), and also in another zone with 
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The other method of projection used for monoclinic crystals, shown in 
Fig. 1/28, is similar to that used for crystals in which the crystallographic 
axes are at rightangles. The c-axis is placed vertical and the b-axis runs 
horizontally from left to tight. The trace of the a-axis is along the line 
joining the faces (100) and (100), but the axis is not normal to these faces, 
as may be seen in Fig. 1/27. In this projection (Fig. 1/28) all faces parallel to 
the c-axis will appear on the ptimitive circle. Since the face (001) is not at 
rightangles to the c-axis, it will not appear in the centre of the projection, 
but forward of that position, to in- 
dicate its forward tilt. The face (00T) 
will be displaced a similar distance 
behind the centre. The possible face 
(010) would appear on the primitive 
circle at the right-hand end of the 
b-axis, and (010) at the opposite end of & 
the same diameter. The approximate 
position of other faces can then be 
found by use of the addition scheme of 
indices. All the faces parallel to the 
b-axis will lie on the line at rightangles 
to it, only leaving the forms {011}, _ 100 

{011} and {111} to be found. The face Ce aie 

(011) will lie on the zone-circle (projected arc of an inclined great circle 
of the projection, which passes through faces of one zone) joining the faces 
(001) and (010), while (011) will lie between (010) and (001). The face (111) 
will lie on the zone-circle containing (101) and (010) and also on the zone- 





Too Too 
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Fig. 1/29. 
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circle passing through (100) and (011). Many other zone-circles have been 
shown in this figure, indicating the large number of zones which may 
be found on even fairly simple crystals. 

The relationship between the projections used in Figs. 1/27 and 1/28 
is illustrated in Fig. 1/29. The left-hand circle shows the vertical faces of 
Fig. 1/27, those which appear on the prim- 
itive circle. The right-hand circle shows 
the faces of the same zone (and a few 
others for reference) as projected in Fig. 
1/28. It has been necessary to rotate the 
left-hand circle 90° compared with its 
orientation in Fig. 1/27 in order to bring 
out the relationship between the projec- 
tions. In the left-hand circle the faces on 
the primitive circle have been joined to 
the pole of the opposite hemisphere. The 
points at which these lines cut the equa- 
torial plane are the required points for 
the projection of these faces in the 
right-hand circle, as may be seen by the 
horizontal lines joining the two circles. 





Fig. 1/30, 1/31, 
of faces 101 and ( 


a ee cry stals exhibiting three Stages in the relative development 
- Selected from a number presented to the author by Messrs. PFEIFFER 
and LANGEN. 
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5. Forms of Sucrose Crystals 


Illustrations 1/30-1/34 show how widely the apparent form of sucrose 
crystals may vary. For a study of the morphology of sucrose crystals, large 
size sucrose crystals can be used for demonstration purposes, and particu- 





Fig. 1/33. Needle form of sucrose from Fig. 1/34. Triangular or pyramidal form 
low quality refined sugar boiling, not of sucrose, reproduced by the courtesy 
caused by raffinose. of the ‘Institut fiir Zuckerindustrie’, 

Berlin. 


larly for educational purposes to familiarize sugar technologists with the 
exact structure of the sucrose crystals. Kandi crystals as given in the Figs. 
1/30-1/32 are the most useful objects for this purpose. This type of crystals 
can be kept indefinitely, if they are inbedded in one of the modern plastics, 
which can easily be done by a sugar technologist in the laboratory. Abnor- 
mal shapes of sucrose crystals as illustrated in Fig. 1/33 and 1/34 can also 
be kept in the same way embedded in plastic, and either used for projection 
to demonstrate on a large scale for a big audience the particulars of these 
crystal forms or the particulars can be laid down in microphotographs, 
accompanied by detailed drawings of the different surfaces to be distinguished 
at these crystals, with the indications of the type of surface as described 
in the preceding paragraphs. 

So far we have been considering essentially normal single crystals, but 
every sugarman is familiar with so called twinned crystals (see Fig. 1/35-1/39), 
wherein two or more crystals appear to have a common bond. The phenom- 
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enon does not appear to have received systematic study in the specific 

case of sucrose, though von LippMANN and VaAvRINECz® give a number of 

valuable observations. VAVRINECZ suggests using the symbol z to signify 

peteNes ele of twins, thereby giving simple numerical ex- 
breadth 

pression to their outward form; he records mz varying from 1.59 to 6.12. 

It may be helpful to quote evidence from the study of other crystalline 
substances. 

Essentially twinning in crystals implies that two crystals share a common 
face or edge, i.e. either a two dimensional or a one dimensional link. It 
implies that the harmony of transition from each molecule on to its neigh- 
bour may be carried on from the one to the other section of the twin, 
through the common bond. Thus two adjacent Kandi crystals grown 
together on a string, or two adjacent crystals in cube sugar are not twins. 
Be deduction, it would appear that one twin must have grown out of the 
other by some impulse of irregular growth, very likely even from ‘birth’ 





the ratio 





Fig. 1/35. Refined sugar X5. A remarkably uniform twinning. 


or nucleation. Re-entrant angles on a crystal are generally an indication 
of twinning, but twinning may be present without re-entrant angles. 

It is evident that two crystals may fulfill the above condition in many 
ways; some of the well recognised forms are ‘normal twins’ which share 
a common plane, which may be: (a) simple mirror images; this is termed a 
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symmetric twin; (b) one twin having apparently been rotated about the 
common axis with relation to the other, this is termed a hemitrope. Far 
more rare are ‘parallel twins’ which share one common crystal edge only 
and ‘complex twins’ which share a common line normal to a crystal me 

An entirely different occurrence is known as interpenetrant twinning, 





Fig. 1/36. Low quality boiling, showing Fig. 1/37. Low quality boiling, showing 
unbalanced twins. balanced twins and conglomerates. 
Bsa 





Fig. 1/38. Low quality boiling, showing Fig. 1/39. Low quality boiling, showing 
several types of twins and stained heart. twinning with exaggerated re-entrant 
angles. 


in which the two crystals appear to be sharing some part of their body. 
This form is most disconcerting to those requiring crystals for piezo-electric 
work, necessitating elaborate X-ray testing of apparently perfect crystals 
in order to detect such internal intrusion. 
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Twinning is met most frequently in the monoclinic and otthorhombic 
systems, hence its frequency with sucrose is quite natural. The reason for 
twinning is not yet completely understood. The subject deserves more 
study than it has yet received. The study of the junction between the sections 
of a complex crystal may teach us more about the cause and effect of these 
mother liquor holding monstrosities as are all too common in our sugar 
products. 

In examining a large number of crystals, one feels the need for a suitable 
terminology to enable an objective descriptive terminology of the degree 
of complexity. The term ‘cluster’ may be used where the crystal conglom- 





Fig. 1/40. Crystal camera. 


erate includes several well formed crystals, and the term ‘aggregate’ 
where a starry mass of crystals are implied. The latter form is chagaihe eae 
of sugars which have been nucleated at too high a supersaturation. This 
may be the direct result of a dendritic nucleation. A sugar product with a 
high proportion of such conjoined crystals must diceaaeatila hold mother 
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liquor in the crevices between the crystal surfaces and render less efficient 
the separation of the mother syrup from the crystals in the centrifuges. 
Another feature of potential value is that the volume occupied by a given 
weight of conglomerated crystals is more than for the same weight of well- 
formed single sugar crystals, which to the practical man indicates potential 
Saving in packaging material by boiling clean grain. So in fact, the sales 
department should choose which it prefers, and it should be the effort of 
the technologist to learn how best to boil sugar in the chosen form. 

In the case of low quality boilings, where efficient separation is of major 
importance, it is fortunately relatively easy to boil good well formed grain, 
since crystal growth is slower than in high purity boilings and the panman 
has a less critical task. The purer the massecuite, the more difficult this 
becomes; it is exceptional in all refineries of the world to have first quality 
boilings with complete freedom from aggregates and clusters. A number 
of photographs of sugar grains, to be discussed later, illustrate the simpler 
forms which may be noted in sugar boilings. The technologists responsible 
for production of the different grades of commercial sugar can benefit by 
a detailed study of the form of the crystals produced. Having visited a large 
number of sugar producing plants, it has to be stated that a visit to the pan 
floor, armed with a magnifying glass, can be one of the most informative 
means of obtaining insight into the type of control reigning in that factory 
or refinery. Low power magnification is quite sufficient for most purposes. 
I have designed a ‘crystal camera’ (Fig. 1/40) with which adequate lifesize 
photographs may be obtained on 35 mm film. Enlargements or projections 
of these may be shown in demonstrations, lectures or training courses to 
operatives to illustrate the relative merits of different boilings and techniques. 
A faulty boiling which wastes time and efficiency in the centrifuge can 
be easily so recorded. 

Occasionally false grain will form in low quality boilings, but it may 
be suspected that some of the grain is not sucrose but some other intruding 
crystalline substance. How shall we identify such crystalline impurities? 
Mineralogists have developed accurate methods for identifying unknown 
small crystals under the microscope without sacrificing them into solution, 
by utilising the specificity of refractive index. This deserves a brief mention, 
since it enables the chemist to identify minute crystals present in liquor 
and molasses, which not infrequently do occur. The method depends upon 
having available a series of liquids of differing refractive indices, Se 
the desired range in jumps of about 0.005 R.I. at room temperature (15-20 
C). This product can be analysed as follows. The impurities have to be 
separated from the liquid sugar product, which can be done in a separator. 
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These insoluble impurities have always a specific gravity larger than the 
specific gravity of the sugar liquor or molasses. The sugar product is diluted 
to a concentration slightly below the saturation value. This is approximately 


G7 to 72) brix. | 
The separated sediment is first washed with a saturated solution of high 





Fig. 1/41. Equipment as used for microphotographs. 


grade refined sugar by resuspending the sediment in the solution then 
reseparating. The precipitate is washed with acetone water v/v 50/50 then 
dried. The solid matter is then immersed in a series of fluids of increasing 
and known refractive index and examined under a microscope using low 
power magnification. The more invisible the crystals, the closer is their 
refractive index to that of the fluid. In this way the Ca-Mg aconitate, 
CaSO,, Ca-oxalate and CaSO, can easily be identified. 


6. Physical Properties and Internal Structure of Sucrose Crystals 


It is surprising to learn the variations in the specific gravity of sucrose 
crystals. KUCHARENKO4 quotes a variation from 1.5777 to 1.5889; other 
investigators have given figures even beyond this range. This variation 
has been demonstrated by PowErs (at the C.I.T.S. Conference in Madrid 
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in 1954) by adding a random selection of pure sucrose crystals to a 
mixture of carbon tetrachloride and acetone with a specific gravity of 
1.585 + in a glass stoppered bottle and mixing thoroughly; some of the 
crystals remain suspended, whilst others rise or fall according to their 
gravity. The writer has now (1957-1958) been able to prove that this is 
largely due to the inclusion of air and liquor in the crystal, and two selected 
crystals gave maxima and minima of 1.594 and 1.582 S.G. Evidence is due 
for publication B.S.C. Conference 1958. 

One often hears the expression ‘hard’ and ‘soft’ sugar used by practical 
sugar technologists; the scientific use of these words ‘hard’ and ‘soft’ for 
the physical characterisation of sucrose crystals is meaningless, as has been 
well expressed by McGrnnis* who says, the operator refers to the ‘feel’ 
of the grain between the fingers, and that ‘soft grain’ easily ‘rubs out’ 
whilst ‘hard grain’ feels like little glass particles when so treated. It is there- 
fore probably due to a state of aggregation. 

Knowing what variations may occur with sucrose, a number of estimations 
were made of the surface hardness of different crystals. The results are 
that there does not appear to be any significant difference in hardness on the 
corresponding face of different crystals, though there is a marked difference 
of hardness on different faces of the same crystal. The following two sets 
of mean results have been obtained by two different laboratories; Prof. 
S. ToLANnsky intends to carry out some investigations on this subject. The 
brittle easily cleaved surface of the crystal is not conducive of accurate 
measurement. 

Table 3 gives the mean of a number of estimations. 





TABLE 3 

Lab. I Lab. II 
Face Crystals Crystals 

VHN* VHN* 
100 48 62 
110 47 as 
100 58 79 
110 54 57 
110 56 Mi, 
001 53 fk, 


* VHN = Vickers Hardness Number. 


ee 


My early attempts to estimate hardness in a different way, by measuring 
the pressure necessary to crush a crystal, demonstrated the structure remi- 
niscent of slate. Pressure lengthwise (parallel to the 100 face) caused a 
splitting parallel to the 100 face, and by the expedient of using a knife 


* Beet Sugar Technology, Reinhold Publishing Corp., New York, 1951, p. 351. 


Bibliography p. 60-66 


34 CRYSTALLOGRAPHY OF SUCROSE CH. 1 


applied in the right manner, a sucrose crystal may easily be cleaved into a 
series of parallel flakes. Pressure applied at right angles to this cleavage 
plane led to disintegration and more or less formless crushing. This is not 
uncommon in crystallography; it is associated with the position of the 
molecules in the crystal lattice. When a crystal is crushed by applied force, 





Fig. 1/42. Electron micrograph of cleaved surface of sucrose crystal (x 20,000). 


some of the molecules are forced apart, in spite of their electrical bonding, 
and the disturbance leads to the phenomenon known as triboluminescence. 
If the crushing be carried out between two sheets of plate glass in a dark 
room, the crystals are seen to emit a soft violet luminescence as they are 
broken. At the Fritz Haber Institute in Berlin, Miss ScHONEWALD is measu- 
ting the electric charges liberated during this treatment of a number of 
different crystals. Interesting information may be expected regarding our 
fundamental knowledge of sucrose crystals from this angle. 

In common with many other crystals sucrose crystals exhibit marked 
magnetic and electric phenomena; references are made in the bibliography 
to papers on these various studies. Of these the piezo-electric properties 
are perhaps the most interesting in connection with the crystallization of 
sucrose, since in the search for perfect piezo-electric crystals excellent Papers 
have been published by several workers, notably Dr. SHEFTAL1® 12, 13, 
Changes of temperature, or of pressure along the axis of certain crystals 
produce difference of electric charges between the two ends of the crystal, 
These are known as piezo-electric charges and such crystals are used exten- 
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sively for radio detectors in wireless work and for many allied purposes. 
For this purpose the crystal has to be as perfect as possible, and though 
sucrose could be so used, it has not been found so suitable as Rochelle 
salts, or as quartz. This is partly because it does not produce so marked a 
response, and partly because it is subject to serious intrusions and imper- 





Fig. 1/43. (x 3,000) 


fections. So far, none have been able to determine the cause of, nor to 
eliminate such imperfections. 
The internal structure of the sucrose crystal has not received a great 





Fig. 1/44. (x 12,000) 


deal of attention hitherto. The differences met in the physical characteristics 
of different apparently pure crystals require fundamental studies on the 
causes of such variations. Knowing the causes of such variations, it may 


be possible to influence and to predict the form attained. 
Remembering the remarkable electron micrographs which Dr. A. VAN- 


Bibliography p. 60-66 


36 CRYSTALLOGRAPHY OF SUCROSE Cis 


Hook had published at the 6th General Meeting of the American Beet 
Sugar Technologists in 1950, I felt that this technique might throw some 
light upon the distribution of the internal liquor in sucrose crystals and 
upon the consequent difference of structure between crystals having a high 
and low water content. VANHook had used alcohol-etched surfaces, but 





Fig. 1/45. (x 20,000) Fig. 1/46. (x 20,000) 


surfaces are frequently suspect for irregularities. We therefore used a 
cleavage technique and examined the internal surface thus exposed. This 





Fig. 1/47. Electron micrograph of one particle, resulting from finely grinding sucrose 
under alcohol (x 20,000). 
Fig. 1/48. X-ray photograph of sucrose crystal. 
study was made in co-operation with the Associated Electrical Industries 
Research Laboratories, who prepared a series of micrographs and X-ray 
photographs of the two sets of provided sucrose crystals. Of the former, some 
showed a remarkable layering effect (Figs. 1/42 and 1/45) at 20,000 diam- 
eters magnification. This could not have been a conchoidal fracture such as 
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one may see in fractured glass; the edges were too sharp, and it could 
be assumed that this represented a definite internal structure. In Fig. 
1/42 we can also observe features resembling moon craters. We do not 
yet know their significance, but we may suspect something real rather 
than a development of micrographic technique. Another micrograph 
(Fig. 1/44) reveals ‘mosaic’ structure. This confirms the observations of 
VANHOook that it portrays an existing feature inside the crystal exposed 
by the cleavage plane parallel to the 100 face®!. These micro crystal blocks 
or “composite crystallites’ are approximately a micron in length; they would 
exhibit internally a much more perfectly formed lattice structure than 
micrographs of whole crystals have revealed. We have no means of knowing 
what fills the interstices between these crystallites, it is an intriguing thought 
that this might be the site wherein non-sucrose, including water, may be 
located. Mrurs?> advances this view in his study of the adsorption of gum 
arabic and dextrin into lead chloride crystals, and this view is also held in 
other fields. 

Other micrographs show to a certain degree either layering or mosaic 
formation. The practical technologist will be interested to know whether 





Fig. 1/49. Micro-photograph of layer growth Fig. 1/50. Micro-photograph of layer 
on 100 face, repairing fracture on corner growth, showing contrast in height of 
(60 x). layers, also rectilinearity of wave front. 


in crushing sugar the mosaic form will break the crystallites apart more 
readily than non-mosaic crystal. Several micrographs of sugar finely ground 


in alcohol indicate surviving crystallites. . 
With the evidence of layer formation in the sub-micron range of size, 
and the knowledge of the easy cleavage of the sucrose crystal, it seemed 


Bibliography p. 60-66 


38 CRYSTALLOGRAPHY OF SUCROSE CH. 1 


possible that the growth of the crystal might proceed in some layerwise 
manner. A search of the literature failed to yield any evidence; Dr. C. W. 
BuNN of the Imperical Chemical Industries, who had reported upon the 
layer growth of various inorganic salts (Faraday Society Discussions 1949) 
had neither been able to observe layer growth with sucrose nor with various 
other organic non-polar substances. BuNN suggested that layer growth 





Fig. 1/51. Micro-photograph of a complex pattern on the surface of a crystal of sucrose 
which had been immersed in solution for several months. 


was characteristic only of polar or ionised substances. However, by ob- 
serving clear sucrose crystals growing in a supersaturated liquor under the 
microscope, I was able to observe and to photograph the layer growth 
actually in progress; we have in 1956 commenced micro cinephotography 
thereof. At magnifications of 10 to 100 X, One may see a series of layers of 
varying height, some even visible by the unaided eye down to others 
barely visible under the highest magnification. Since the deposition of a 
certain number of molecules per Square micron of surface will cause the 
extension of these layers inversely to their thickness, it is evident that the 
thinnest layers will spread most tapidly. These will continue to overtake 
and merge into the thicker layers and so Progressively cover the crystal 
surface with an ever-changing and fascinating picture (Figs. 1/49-1/52). A 
damaged crystal will repair itself most rapidly2!, 

The author has reported that suctose crystals can contain up to 1% of liquor 
inside. Figs. 1/56-1/58 show some of the intriguing forms of this liquor 


Bibliography p. 60-66 


6 PHYSICAL PROPERTIES AND STRUCTURE 39 


inclusion in pure sucrose crystals. Sometimes the pattern of the inclusions 
are suggestively symmetrical but incomplete, sometimes one can see no 
conceivable reason for so disordered a pattern of distribution. Sometimes 
the liquor-filled cavities are several tenths of an inch in length, yet again 
by using utmost magnification drifts of globules of liquor of still barely 





Fig. 1/53. Micro-photograph of crystal grown in agar gel, showing tesselated surface?!, 


perceptible size, probably of the order of a micron or less in diameter may 
be distinguished. It is possible that these explain the craters on Fig. 1 /42. 
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Several photographs have been taken showing how the liquor droplets 
may be ‘built into’ the surface of the crystal by successive layers of crystal. 
A great deal of study has to be done before the mechanism of this pheno- 
menon will be fully understood. 
Allied to this is the investigation of the phenomena of inclusion of 
coloured nonsugars. Again such little information as is available is very 





Fig. 1/54. Micro-photograph, showing surface tesselations ona crystal grown in agar gel?}, 


inadequate. Anyone who has examined numbers of raw sugar crystals under 
the microscope or coloured kandi crystals by the unaided eye will know 
that the colour distribution can be strikingly uneven (Figs. 1/59 and 1/60). 
Flecks of colour internally in raw sugar crystals may well be connected 
with insoluble suspended matter, but frequently one may see striking 
‘pattern distribution’ of colour, either in drifts or groupings of grosser 


* Since writing the above, the writer has obtained evidence that this is indeed the case, 
also that air may be included (B.S.C. Conference 1958, also Nature). 
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Fig. 1/55. Crystallisation of sucrose at very high supersaturations, reproduced by courtesy 
of Dr. BRIEGHEL-MULLER (290 x). 





Fig. 1/56. Micro-photograph of layer growth, also fjord-like inclusions of liquor. 
Fig. 1/57. A most fortunate micro-photograph of layer growth, showing globules of 
liquor apparently just being overgrown. 
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Fig. 1/58. Micro-photograph of internal liquor very near surface, also surface outcrops. 





Fig. 1/59. Low grade boiling, showing the dark 


grain in the heart of the larger crystal. 
Result of Einwurf boiling. 
Fig. 1/60. L 


Ow grade boiling, showing an internal p 


atch of dark colour not due to 
Einwurf boiling. 
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Fig. 1/62. Deeper etching (40 x). 
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liquor inclusions, or in patches of general colour which under higher 
magnification may be resolved into areas containing numbers of discreet 
inclusions. A kandi maker with generations of experiences behind him 
confessed that when a kandi tank was crystallising, he still was uncertain 
what colour and size the crystals would be, until they were actually taken 
out of the mother liquor and drained off. 

Crystal faces are not dissolved uniformly all over the surface as might be 
expected. Not only does solution start at the projecting corners and edges, 
but in addition, small pits or angular cavities are produced. These are 
known as etch figures, and differ on the different faces, so much so, that 
faults in a crystal may be indicated by examining the pattern of the ‘etch 
pits’ and the ‘vicinal’ faces which bound the pits. They also conform 
to the particular symmetry class to which the crystal belongs. These rather 
remarkable etch designs may be produced and examined readily on large 
sucrose crystals by wiping with a moist cloth, or by immersing for varying 
time in nearly saturated solution, or even by exposing for a short time to 
air at over 90° relative humidity, then wiping with a dry cloth. (The 
Figs. 1/61 and 1/62 show a very lightly and a heavily etched surface, respec- 
tively.) Etching is produced by a surprisingly slight submission to unsat- 
urated conditions. 


7. Distribution of Impurities in Sucrose Crystals 


Some excellent reports have been published on the structure and distri- 
bution of nonsucrose by Parne and Batcu in 1926”, but many papers 
on this subject bear evidence of a confused picture, which is not surprising 
for such a complex phenomenon. 

PAINE and Batcu showed by ultra filtration tests on beet sugar products 
that the colloidal nonsugars are distributed fairly uniformly throughout 
the crystal, but that in some cases gtossly dispersed material was present at 
the centre of the crystals. Since the colloidal impurities in sugar are nega- 
tively charged (measured semi-quantitatively by the incremental addition 
of night blue to the sugar solution to be analysed whilst in an electric 
field, meantime watching the direction of movement by the particles under 
a microscope towards the anode or kathode) it could be assumed that the 
growing surface of sucrose crystals is slightly positively charged. So we 
can picture the grosser particles being associated with nucleation and 
the finely dispersed colloidal particles being drawn into the growing 
lattice. Certain dyes, notably certain caramels of a colloidal character22, 
which are negatively charged in solution, are bound continuously to the 
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crystal throughout its growth, which permits the production of the familiar 
coloured kandi. ALEXANDER reports that types of caramel exhibiting a 
pronounced negative charge are adsorbed more definitely than those having 
more positive charges. The author’s findings indicate that soluble colouring 
matter is associated with liquid inclusions only, even superficially uniformly 
coloured areas resolving under high magnification into a dispersion of 
inclusions. Details are being given in a paper to the B.S.C. Conference 
1958. 

Regarding the inclusion of inorganic salts KEANE, AMBLER and ByALL?4, 
and others have reported that certain ions appear to be strongly adsorbed 
internally, as for example calcium and sulphite, whereas others, for example 
sodium and sulphate, are not. 


Internal water. Whilst a wide range of nonsuctose components are known 
to be held within the sucrose crystal, probably that present in greatest 
quantity and having received least attention is wa¢er. This is not surprising, 
since for most purposes it is not objectionable and, moreover, it is not easily 
determined analytically. For various reasons this water structurally and 
physically merits careful study. It is interesting to speculate whether the 
reason for this water being bound in the growing lattice can be explained 
by or is related to similar electrical phenomena as is the syncrystallisation of 
colloidal nonsugars. 

Our attention was attracted to the possibility of internal water by a dispute 
between the analytical laboratory, which found minimal water in large 
gtained sugar, and some observant process men who were experimentally 
making this sugar into icing, who declared that the resulting icing appeared 
damp. At about the same time another observant process man sent up 
large crystals (M.A. 0.3”; see Fig. 1/35) every one of which exhibited perfect 
twinning. Assuming the possibility that if significant proportions of internal 
water will exist at all, it might exist in these crystals. A careful full analysis 
was made, with the challenging result that 0.23°% remained unaccounted 
for! When the crystals were crushed before analysis a higher polarisation 
was obtained, due to drying during crushing. Applying vapour pressure 
measurement confirmed the finding in a most conclusive and satisfactory 
way. Refined sugar, as normally packed, shows an E.R.H. (Equivalent 
Relative Humidity)?° of about 60, since the syrup on the external surface 
during granulation or drying crystallizes until the residual syrup is of low 
quality. The internally held syrup still retains its high quality, being that of 
relatively pure mother liquor, since its water cannot evaporate. When 
crushing such a sugar it exposes this syrup, which exhibits an E.R.H. nearer 
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that of pure saturated sucrose solution, 7.¢. 86. In the case of large kandi 
crystals there may be as much as 0.5% of internal water; the percentage 
drops off rapidly with decreasing M.A., so that normal granulated may be 
of the order of 0.03°% or less. This phenomenon has been well known to 
those studying salt, but whilst some sugar chemists acknowledged that 
some water was occasionally present, few realised the extent of the intrusion. 
Whilst this internal water does not appreciably dry out, yet according to 
a suggestion by Prof. BERNAL it might respond to a temperature gradient 
across the crystal and migrate by solution and recrystallisation. A large 
kandi crystal so tested, showed an efHorescence of dried migrated syrup 
on the hot surface within several days. It is thus conceivable that it might 
contribute to concreting on long storage. 

The distribution of nonsucrose other than water within the crystal is 
connected with the following processing conditions. Syrup, in quantity 
sufficient to keep the heating surface of the pan covered, is evaporated until 
supersaturated to a desired degree. It is then nucleated, either by the in- 
troduction of seed or by ‘shocking’, and, as the crystals grow, further syrup 
is fed into the pan until the pan is full and the grain has grown to the 
desired size. As Parne and Batcu have indicated, the nuclei may well 
include coarser suspended matter, just as condensing moisture may include 
soot, etc. If the feeding syrup is of constant quality, the mother liquor 
tends to get richer in its nonsucrose constituents continuously until the 
crystallisation is completed. If, as is frequently the case, lower grade syrups 
are used for the feed, this progressive lowering of quality of mother liquor 
is rendered even steeper. It would seem a reasonable hypothesis to assume 
that each layer of sucrose crystallizing will take into its lattice ‘absorbable’ 
impurity in some degree proportional to the percentage present in the 
mother liquor at that stage. Thus the percentage of ‘absorbable’ (as distinct 
from suspended and colloidal) nonsugar content would increase from centre 
to surface of the crystal entering the centrifugal machine. Now comes a 
distinct increase in the gradient of impurity, as such syrup as may be left 
upon the crystal after centrifuging will by drying — particularly with gran- 
ulated sugar — deposit a layer of rapidly worsening quality, thereby pte- 
senting its worst aspect to the eye of the observer! Finally, there will be a 
layer of exhausted syrup of low quality, and this is true even in the purest 
of granulated sugars. The dimensions of this layer can be estimated and it 
affects much of the physical phenomena which a crystal exhibits. A rough 
calculation suggests that the depth of the syrup layer on any crystal may 
be of the order of % ash x 120,000 A, neglecting the irregular distribution 
caused by the meniscus drawing the syrup to the points of contact. Thus, 
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for highly refined sugar with an ash of 0.003% then the syrup film will 
be 360 A or about 36 molecules thick, taking 10 A as a mean cross section. 
For a raw sugar it will be a hundred or more times as thick. Thus from a 
molecular point of view, the syrup layer surrounding a crystal is extremely 
important. 

The above picture has to be modified for sugars produced by ‘in boiling’, 
in which small grained sugar is first produced by boiling from a low quality 
sytup, this being centrifuged, then returned as coarse seed grain to a higher 
quality pan, giving several cycles of impurity zoning. 


8. Crystallographic Comments upon Cane Raw and Refined Sugars 
(a) Raw 


Since the London refineries receive raw sugars from practically every big 
sugar exporting area in the world, some could expect comment upon the 





Fig. 1/63. Raw beet sugar, showing bad conglomeration. 


general characteristics of sugars from various countries of origin. This is 
not quite so simple and to a certain extent it is impossible. Owing to varia- 
tion of climatic and soil conditions, of locally favoured cane and beet 
varieties, and of processing technique at different factories in the same 


country, sugar from one country of origin may show even greater variation 
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than sugars from entirely different production centers. This is strikingly 
true regarding raw sugars from Queensland and from Hawaii, and it is 
doubtless true to a greater or lesser extent regarding sugar from most 
large areas (Fig. 1/63-1/65). The complexity of the general aspect of ue 
subject may be illustrated by a few remarks. The ‘relative proportion’ of 





Fig. 1/64. Raw cane sugar, showing Fig. 1/65. Raw cane sugar, well formed 
reasonable uniform grain. but very mixed grain size. 


various nonsucrose impurities is primarily a question of soil and conditions 
of cultivation, including cane varieties and use of fertilisers. Specific cane 
varieties under certain climatic conditions retain a significant amount of 
starch degradation products, and yield raw sugars giving filtration difficulties 
to refiners who use carbonatation, but less to those using kieselguhr filtra- 
tion as one step in the purification of the raw liquors. The fact that this 
effect is relatively unaffected by the intensity of the washing or affination 
Process suggests a considerable degree of absorption or inclusion of these 
colloidal nonsugars within the crystal. Evidence is now slowly coming to 
hand as to the nature of these impurities. 

The extension of ‘inboiling’ technique makes the amount of nonsucrose 
retained in the heart grain greater, a feature which may be observed in some 
affined sugars, wherein the darker seed crystal is visible within a paler later 
growth (Fig. 1/59-1/60). Some raw sugar factories ate characterised by 
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uniform well-shaped sugar crystals which any panman would be proud of, 
others very definitely never come into this category. 


(b) Refined 


We mentioned in the beginning of this paper that sucrose as a commercial 
product is produced in many forms (Fig. 1/66, 1/67, 1/68). Reference was 
made to the evolution of kandi crystals as made today from the early efforts 
to produce large crystals by slow crystallisation in order to drain off more 
readily the impure mother liquor. In course of time the sugar manufacturer 
has learned to produce crystals which would have seemed miraculous to 
the early producer. There is still a tendency with many sugar refiners and 
manufacturers to keep to themselves-some more intimate techniques as 
developed by past generations, but in essence the production of kandi 
crystals depends upon a long crystallisation time, under static conditions, 
with the temperature changes under very careful control. Up to ten days 
of slow growth are necessary for these crystals, averaging from two to 
four centimeters in length. It is interesting that the effect of impurities from 
different origins is reflected in these large crystals, and that since their 





Fig. 1/66. A typical refined sugar, showing some clean grain and some bad conglomerates. 


shape is so evident to the purchaser this might be unwelcome in many 
instances in what is so pre-eminently a traditional product. I have already 
referred to the deliberate production of coloured as well as colourless forms 


of kandi sugar. 
From a historical origin point of view reference should next be made 
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to loaf sugar. This was one of the earliest ways in which small grained sugar 
was produced by the sugar refiner. The massecuite containing the large 
grains were run into conical moulds, stirred intermittently for a while, then 
allowed to continue the cooling process, causing the individual crystal to 
be cemented together by the further crystallisation. When the crystallisation 
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Fig. 1/67. Refined sugar X5, practically Fig. 1/68. Refined sugar. A good uni- 
100% conglomerates. form grain with few conglomerates. 


had proceeded far enough, plugs were withdrawn from the apex of the 
mould and the syrup was allowed to drain off. Liquoring syrup, made by 
dissolving earlier blocks to saturation, was then allowed to percolate through 
the entire cone, this slowly replacing the less pure mother syrup. Ultimately 
the conical loaf was dried. The whole process took several weeks from the 
dissolving of the raw sugar to the deliverable refined sugar. Lower quality 
cones were prepared similarly in much larger cones, producing coloured 
sugar which, when broken up, was sold to sweet makers and others as 
pieces. 

When in course of time the old and slow cone process was speeded up by 
various means, the existing demand for these lower quality ‘pieces’ was 
met by the development and production of a lower purity small grained 
sugar, designed to retain the pleasantly flavoured nonsugars. Hence our 
present pieces sugar. From a crystallographic point of view, since the object 
in the case of pieces is to retain nonsugars, logically an aggregate grain 
would be the correct crystalline form. Those interested in the early develop- 


ment of these cane sugars should read the excellent account in Sugar by 
FAIRRIE*, 





* G. Fairrie, Sugar, 1st Ed., Fairrie and Co., Ltd., Liverpool, 1925. 
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To revert to the production of loaf sugar, the old conical form is still 
produced in some parts of the world, but to avoid the long and tedious 
drainage period this is completed rapidly by using centrifugal machines. 
The cone moulds are placed in these to take advantage of the high gravity 
force in centrifugals. 

The cutting of the cone shaped sugar block was not a vety satisfactory 
ptocess; a number of different processes were tried out, with the object 
of attaining a parallel sided slab, which would facilitate mechanical cutting 
into regular shaped pieces. Apart from the engineering involved, one might 
classify these processes into two groups according to the underlying prin- 
ciples. The first is virtually that of the old loaf process, in that the masse- 
cuite is poured from the pan into moulds and there allowed to cool over a 
lengthy period, during which the slow crystallisation from the mother liquor 
binds the crystals together most effectively. Probably the best example of 
this process is that known as the Adan?, taking the name of its inventor, 
ADANT a foreman in a Belgium refinery in Antwerp. Devised in 1890, 
Thames refinery in London adopted it in 1894 and has used it successfully 
ever since. 

The second group consists of those several processes wherein the masse- 
cuite is first spun in a normal basket centrifuge, as for granulated, then the 
moist sugar is pressed in moulds and the resulting blocks are dried in ovens. 

The essential difference is the manner in which the cementing crystalli- 
sation is carried out. Great ingenuity has been displayed, and a great deal 
of research has been and still is being carried out, in order to attain the 
best results. The slow continuation of normal pan crystallisation, which 
forms the basis for the first group of processing, still offers the best way 
of attaining a richly sparkling sugar, better than the irregular drying cha- 
racteristic of the second group. Nevertheless, one must admit that this is 
only attained by the use of an expensive plant and elaborate process. 

Slab or porous forms of sugar may be and are produced for use in a variety 
of regular forms, as for example: cube, tabloid, slab and block, as well 
as roughly crushed or powdered sugar of various sizes. In all these the 
essential feature is that the crystals are presented in what may well be 
regarded as a porous form. 

Still finer we have the pulverised or icing sugars, which may be produced 
by milling any form of sucrose, the individual crystals being broken down 
to the mean average size desired. 

Fondant sugars are an entirely different presentation, in which the 
exceedingly small crystals of sucrose are surrounded by theit Dg aTTP 
liquor. It is virtually a massecuite, generally at so high a grain cQngaht thar SAL 
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externally it appears an almost solid block, or, in the extreme form, a dry 
sugar. This grade is produced from high quality sugar liquors by evapora- 
ting high grade sugar liquors to a low water content, in some processes 
at high temperatures and after discharging from the concentrator, stirring 
violently. Extremely heavy nucleation takes place when the mother liquor 
is at a very high supersaturation. If the final form is required to retain 
plasticity — such as used by some confectioners — a small percentage of 
invert may be added before the final evaporation. This ensures an adequate 
proportion of uncrystallisable syrup remaining to preserve the desired 
malleability. The opposite extreme is that whereby a dry sugar is desired, 
and in this case evaporation is carried on at high temperature to a very low 
water content, before nucleation. The resulting crystallisation liberates so 
much heat that practically the whole of the water may be driven off during 
the crystallisation, and a reasonably dry lumpy or granular sugar results. 


9. Particle Sizes of Granulated and Raw Sugars 


The distribution of sizes of graining is one of the most important variables 
in refined sugar, and to a lesser extent in raw®?. It is useless to attempt 
adequately to deal with the grist, as the distribution of the grain sizes* is 
commonly called, unless careful attention is paid (a) to obtaining represen- 
tative samples by approved methods; (b) to the adequate accuracy of the 
sieves used; (c) to the operation of mechanical shakers for a period of time 
proven to be adequate for the type of sugar and the conditions of the test. 

(a) Experience has demonstrated that one or more complete cross 
sections of the sugar output from a granulator or belt conveyor gives a 
representative sample. It is difficult to sample a pile of sugar satisfactorily 
owing to segregation of sizes. If a bag has to be sampled, or a sample for 
screen analysis has to be taken from a bag or tin, the best is to use a rotary 
or a “flip flap’ intermittent sampler, as is used for coal sampling. 

(b) The discrimination possible in the light of the results of the M.A./C.V. 
method (M.A. = mean aperture, and C.V. = coefficient of variation for 
grist characteristics) is such that even standard sieves supplied by reputable 
makers may occasionally be found insufficiently accurate. 

(c) It is desirable to carry out a series of gristings with time of screening 
as variable with any new apparatus, using typical sugar both of the coarse 
and the fine range. The finer the sugar and the higher the initial concen- 


: : ee a ; 
* In this text where the term grain size is used, this should be taken to indicate size as 
indicated by normal sieving methods. 
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tration per unit area of the sieves used, the longer the time necessary to 
ensure that the separation of the different grain fractions by sieving is 
reasonably complete. Sieves used should be of one of the recognised stan- 
dard types for which true area of aperture is widely known, and for published 
results the type and series should be specified exactly. 

There is no system of reporting the sizes characteristics of any particulate 
matter, which is so directly informative as adequate carefully conducted 
gtisting, as above described. Nevertheless, it is difficult to form a mental 
picture of the appearance of a sugar from the extensive list of weight 
percentages of screen fractions so obtained. 


10. Determination of M.A. and C.V. 


The need for simple means of conveying the mental impression of sugar 
grain sizes is evident. Such a means would be, for example, to express the 
height and spread of the peak obtained by graphing ‘° on’ against ‘sieve 
aperture’ on ordinary graph paper. PHitip Lye found that specimen series 
of sizes fitted into the requirements of a system we have since termed the 
M.A./C.V. system. The Mean Aperture/Coefficient of Variation system origi- 
nated in the development in 1914 by Hazen for plotting size frequency 
data®’, The validity of this method has been tested by careful gristing of 
many hundreds of Tate & Lyle refined sugars, and by examining many pu- 





Fig. 1/69. Pulverised refined sugar X5. Fig. 1/70. Pulverised refined sugar X5. 
ae M.A. 0.008; oR ers ‘ M.A. 0.008; C.V. 56. 


blished gristings. Normally occurring sugars do not depart from the re- 
quirements of the system, which are as follows. When the cumulative weight 
percentages are plotted upon arithmetic probability paper against sieve 
aperture as abscissa, the points must lie upon a straight line between 84.13 
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and 15.87%. If this is the case, the Mean Aperture (M.A.) is given by the 

apettute corresponding to 50% on this graph, and the Coefficient of 

Variation (C.V.) is given by 100 [aperture corresponding to 15.87% (or 

16% approx.) minus aperture corresponding to 84.13% (or 84% approx.)] 

Meee MA or cy = apert. for 15.87°% — apert. for 84.13% 
2 M.A. 

Samples may be created by special riddling or mixing which do not 
obey this sample rule, exhibiting freak distributions. Accumulation of 
evidence has increased our original idea that the system is generally applic- 
able, and is simple for comprehension and utilisation by men not trained 
in the field of science or mathematics, as pansmen, foremen, buyers and 
sellers of refined sugar, so that it is justified on its merits®. 

If the system be found satisfactory for specific types of sugar under 





100. 


TABLE 5 
SURFACE AREAS IN M?/KG; INDICATION FOR M.A. GIVEN IN DECIMAL INCHES 





MA/ 45 29 25 30 35 40 45 


Cy. 

0.005 34.4 34.7 35.3 36.3 37.0 38.1 39.5 Compiled from: 

iif 217400177 tee 18:5119.1 919-7 1. M.A. = 50% (R,) on mesh 
iam 1.51011.6 1181 9125 12.7 13.2 size Lae ee 

0.020 86 87 88 91 93 95 9.9 _ x, — X, 

0.025 69 69 71 7.3 7.4 7.6 7.9 er 
0.030 5.7 58 59 61 62 64 6.6 X, = mesh size for 16% (R;) 
sau or 5.0) 5.05.2, -85.3045.5 5.6 2. Exponential equation in 
0.040 43 43 44 45 46 48 4.9 Honic, Determination of the 
0.045 38 39 39 40 41 42 44 Cryst. of Sugars. 


CE 


TABLE 6 


APPROXIMATE NUMBER OF SEPARATE GRAINS X10? PER KG AT VARIOUS M.A, AND G.Vv.5: 
INDICATION FOR M.A. GIVEN IN DECIMAL INCHES 





M.A./ 
GN; = 22 2 Assumptions: 


1. Crystals are spheres of diameter midway between 





0.005" 227 323 488 mesh sizes shown on graphs; 

0.010” 15 65 139 2. Crystals on 10 mesh have diameter midway between 
0.020” 2 20 70 meshes 8 and 10; 

0.030” 1 11 57 3. Crystals through 200 mesh have diameter half that 
0.040” 0.5 11 52 mesh; 


4, Sugar sp. gr. = 1.585. 


———_ 


consideration, a simplification is evident i.e. that instead of using a number 
of sieves, two suitably chosen sieves will give the desired line. We have 
calculated a series of tables from which the M.A. and C.V. may be rapidly 


obtained. (Table 4) 
Honic has stated frequently that for the technology of sugar manufacture 
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[crystallisation, centrifugation, drying and storage (caking)] and for the 
keeping quality of sugar the surface area of sugars is of considerable interest. 
A reference table (Table 5) is given, representing approximate surface area 
for sugars of the indicated sizes. A great practical importance may be 
attached to the number of contact points between adjacent crystals, since 
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Fig. 1/71. Low grade boiling. Grain so mixed that it virtually will not spin. 


syrup is held in processing here by capillary attraction. In Table 6 the approx- 
imate number of crystals is given as an indication of the frequency of the 
number of contact points. The number of crystals mounts up with decreasing 
size to a greater extent than the surface area does. 

In the determination of the grain size of sugars and in the reporting of the 
results of screen analyses of granulated sugars it is customary in a number 
of sugar producing areas to use English units and in other countries the 
metric system is used. The designation of screens is usually given as the 
number of openings per linear inch. The following screens, with the corre- 
sponding openings in inches and mm, are used in the analyses of sugars 
(Table 7). 

Other systems of size specification 


The desirability for a uniform system to report the average grain size and 
its uniformity has been recognized for a long time*. Dr. BRIEGHEL-MULLER 
* The need for conveying the mental impression of Sugar grain sizes had led to several 
suggested presentations (see: Arch. Suikerind. Ned.-Indié, 36 (1928) 641). 
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of the Danish Sugar Co. brought forward at the 1934 Icumsa meeting, at 
which the above M.A./C.V. method was presented by Powers, a similar 
suggestion, in which logarithmic scale for the abscissa, giving the grain 
size of screen aperture instead of arithmetic scale was used. Other technol- 
ogists were thinking upon similar lines. BENNErT®* in England, working 





MA =Intersection 50 So line=0.0243" 


CV = 1000 =100 x (15.87 S/o cee intersect.) =20 et, 





150.100 65484235 28 20 +16 14 12 Sieve opening in mesh 


nS 80 
001 002 003 Q04 OOS O06 


Opening in decimal inches 


Fig. 1/72. Graph, illustrating M.A. C.V. technique. 
M.A. = intersection 50% = 0.0243”, 
C.V. = 100 x (15.87% intersect. — 84.13% intersect.) = 29%. 
2 M.A. 


upon coal and later Rosin, RAMMLER and SPERLING in Germany developed 
a useful system for the grading and expressing uniformity of pulverized 
materials. For the sugar industry a method was developed by the Siid- 
deutsche Zucker A.G., specifically suitable for application to sugar problems. 


A method similar to the latter was put forward at the Icumsa meeting in 
Paris in 1954 by Honic. 
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Rostn, RAMMLER and SpERLING found that the size distribution curve 
for disorderly dispersed materials can be represented by: 


R=100¢(—% 
d 


where 
R = screen residue 
d =screen opening in mm. 
10 abe’ 
BENNETT found that when R = —— = ca. 36.8%, = average grain size. 
e 


By considering two screen openings d, and d, with residue R, and R, and 
using double logarithms for the ordinate, giving the accumulative screen 
residue R and a logarithmic scale for the abscissa, being the screen opening 
d the average grain size d and # the distribution of screen fractions for the 
average grain size d can be found in a simple way. 

At the 1954 Icumsa meeting the M.A./C.V. method was recommended 
for use with refined sugars; further investigations were recommended of 
the relative merits of the several recommended and published methods. 

Regarding the practical significance of grist and form Hontc*! has 
stressed in a number of papers the importance of grain size and uniformity 
as important in pan boiling, centrifugal separation, drying, etc. It is helpful 
to be able to compute the surface area and the number of crystals of unit 
of weight as an indication of the number of points of contact, tending to 
hold excess syrup by surface tension effect. It must be realised that other 
significant factors may be superimposed; if too simple a conception is 
adopted for a complex problem, incorrect inferences are inevitable. In 
this connection we refer to the contrast between conglomerates and regular 
crystals. Practical experience has simply demonstrated that sugars with a 
high C.V. will not spin as well as one of low C.V., owing to closer packing 
and decreasing porosity. Very fine dust or false grain of the order of 1/25 
of the M.A. is partly thrown off with the syrup and partly retained in the 
residual layer of syrup surrounding the larger grains. The surface of crystals 
is far from planar, making it an approximation to compute the effective 
surface area. A practical test by spinning off a synthetic magma under 
standard conditions is probably the most informative in the holding capacity 
of a certain grade of sugar crystals. 
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BIBLIOGRAPHY* 
General nature of growth and form of sucrose crystals 


Wotr, J. prakt. Chem. (1843) 28, 129. 

Crystalline forms, system, ratio of axis, etc. 

P. Wutrr, Z. Ver. deut. Zuckerind. 35 (1885) 899; 37 (1887) 917; 38 (1888) 226, 1076. 
P. Grotnu, Chemische Krystallographie, Vol. 3 (Sucrose), 1910, p. 448. 

Crystal class is mono-clinic sphenoidal 7.e. twofold axis. Axial ratios and angles are 
given, also indices and calculated angles as obtained by various workers — showing 
considerable diversity. Cleavage distinct on (100). Speed of solution greater on 010 
than on 010, etch figures with water are asymmetric triangles on 110 with one edge 
parallel to C, on (110) they are rhomboids with long side parallel to edge P’C and 
short edge to C. 

R»ported double refraction and refractive index data, dispersion and rotation, latter 
being —22° for light down the optic axis almost perpendicular to 100 and + 64° 
per cm for the other. 

He also gives a note about the electric polarisation. 

J. A. KucHarenko, Planter Sugar Mfr. 80 (1928) No. 19, p. 382, 424. 

Reports sp. gr. of 106 crystals of weights varying from 0.5 g to 1455 g. The sp. gr. 
varied from 1.5777 to 1.5889, mean 1.58495. Suggested that variations due to condi- 
tions of crystallisation and to small inserted air bubbles. KucHARENKO measured 


A 
surface area of each face on ten large crystals and calculated — where S = surface 
P 


area in mm? and p weight in g. This varies from 4.2315 to 3.987, mean 4.1227, showing 
18 faces in all. 
Two measurements given: 


eee 
Wt a f p c oO q r pt as 
ee SS eee 
2511 11988 5338 se fof A 7105 503 2148 1081 3089 9422 
1388 7477 4448 5004 2639 81 949 418 3695 6964 
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t Ig Pa Co Og qe t,t Pe? Og? o? 
2511 5197 2089 8122 398 1112 812 6587 — — 
1388 5057 4252 4594 — 508 100 4760 — — 


F, P. PHEtps, Intern. Soc. Sugar Cane Technologists, 4th Congr., 1932, Bull. 104. 
Discourse upon geometrical theory of crystal structure. For solids bounded by solid 
surfaces and fulfilling the law of rational indices, there are 32 types of symmetry 
possible. Bravars found 14 possible space lattices and SoxuKa 65 point systems, the 
latter being two or more interpenetrating space lattices. Enantiomorphous similarity 
with the various modes of combining the two forms adds another 165 possibilities 
making a total of 230 types. Sucrose belongs to the monoclinic system class 4; it is 
shown how this is determined; the author describes the use of the Goldschmidt 
goniometer for, measuring the angles, the representation on paper, and the definition 
and use of Miller’s indices, 


PHELPs stresses the lack of perfection of faces leading to variation of angles reported 


Under this heading are included not only references from the text but also other 
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by various workers and gives extensive figures as reported. The variation in refractive 
index of the sucrose crystal is discussed, also the different optical rotation. Finally P. 
discusses the effect of impurities on the form and relative development of faces. 
A classical report on crystallography of sucrose. 

Also see summary in C440 of the U.S.N.B.S. 

K. SANDERA, Z. Zuckerind. Cechoslov. Rep. 57 (1932) No. 41, p. 333. 

Observations upon the form of crystals grown between two plates under various 
conditions and in presence of various nonsugars. 

G. Vavrinecz, Magyar Chem. Folyéirat 42 (1936) 124; 43 (1937) 176. 

Observations, measurements and diagrams of the numerous forms occurring in 
syrup and juices in the refinery. 

G. VAVRINECZ, Intern. Sugar J. 41 (1939) 29, 345. 

An original study on crystal forms of sucrose. 14 different forms are confirmed, a 
further 7 yet to be confirmed. Excellent illustrations of different forms, including a 
triangular form from Java syrup with a high invert content. 

G. VaAvrINEcz, Deut. Zuckerind. 66 (1941) 683, 728, 739, 753, 775, 788, 801 and 834. 
A summary of present knowledge of sucrose crystal morphology with numerous 
tables, photographs and sketches. A valuable contribution. 

N. N. SHEFTAL, Compt. rend. acad. sci. U.R.S.S. 31 (1941) No. 1. 

SHEFTAL, a geologist, was seeking a perfect crystal for piezo-electric work. S. grew 
a number of large crystals under exact temperature control from 1.084—-5 to 1.092-3 
Supersat. 

Found simplest form produced at lower supersaturations, number of facets increasing 
with supersaturation. Simplest form only a (100), ¢ (001), p (110) and p’ (110), also 
most homogeneous. S. suggests that at high supersat. crystal again tends towards 
simplest form. 

C. A. BEEvEerRs and W. Cocuran, Nature 157 (1946) 872. 

Classic X-ray examination of sucrose. Patterson-Harker direct method was unsuccess- 
ful, so used isomorphous C,,H2.0,,.NaBr.2H,O (and chloride) by Patterson and 
Fourier methods. Full measurements are given and the construction shown to be 
1 glucopyranose — 28 fructofuranose (Fig. 1/73). 


(6) (6) 
CH OH 







(") () H 


H' CH2OH OQ. 
OH ° 
(4) (1) CH20H 
H OH (6) (6) 
(2) OH H 


(3') 
Fig. 1/73. Diagram of sucrose molecule after Dr. BEEVERS. 


N. N. Suerrat, Trudy Inst. Krist. Akad. Nauk, S.S.S.R. 3 (1947) 71. 

Reports fibres and wire can be overgrown without causing cracks, but changes in 
temperature cause cracks which may be perpetuated or sealed off according to con- 
ditions of growth. Reports stratification lines, also liquor filled constructions which 
S. suspects may be connected in some way with the lines. Puts forward a picture of 


62 CRYSTALLOGRAPHY OF SUCROSE CH. 1 


mechanism on molecular kinetic theory. Reports sub-individuals of varying size 
found in descending frequency on 001, 100 and 110 and rarely on 110. Also reports 
growth pits, vicinals, etc. 

13 N,N. SHerrat, Inst. Cryst. Acad. Sc. U.S.S.R. (1948). 

Practical details of procedure reported in refs. 19 and 1%. Temperature control to 
0.05°C still and 0.0015°C when stirred. Temperature 49°C. 

14 BetvaL, Sucr. belge 68 (1948) 68, 194. 

Review of molecular structure of sucrose. 

15 YounG, J. Phys. ¢» Colloid Chem. 53 (1949) 1334. 

Report upon hemipenta- and hemiheptahydrates of sucrose with m.p., solubility, 
X-ray diffraction, optical and crystallographic data. 

16 G, VAvRINECZ, Mexdgazdasdgi Ipar 4 (1950) 21. 

A dissertation upon crystal forms, particular detail on twinning. Ratio of lengths on 
c- and b-axis defined as ‘slenderness’. Full description of 20 samples from Canada, 
Holland and Hungary, including some from maple and sorghum. 

1? La Crystallisation du Sucre, being a full report of the C.I.T.S. meeting in Brussels 1953. 
Much inspiration may be derived from reading and rereading this report. Swcrerie 
belge 74 (1955) 263, 325. 

18 P. Honic, Treatises on microscopic examining of sugar crystals, Arch. Suikerind. 
Ned. en Ned.-Indié 35 (1927) 693. 

In the period between the two world wars, many of us rated the Dutch team in Java 
as vittually the leading experimental sugar technologists of the world. Some out- 
standing papers were published by members of this team on the crystallization process, 
notably those by THrEME in 1928 Studies in Sugar Boiling. Unfortunately, publication 
of much of their work was restricted after 1932, as a part of a new policy set by the 
Board of the Java Experimental Station, thus denying the Java technologists the 
satisfaction of maintaining their high reputation, and the rest of the sugar world the 
undoubted stimulation thereof. Only some of these reports are now available; I 
owe to Dr. Hontc the receipt of a copy of his work and of his collaborators upon 
crystal studies, from which I have drawn a number of observations which reflect 
great credit upon Dr. Honic and his team. 

When false grain has formed during the boiling of a pan of sugar, it is the custom to 
dissolve such by additions of water, or light juice. This not only dissolves the un- 
wanted grain, but also corrodes and etches the larger crystals. Contrary to the general 
belief (quoting Honic), further crystallisation does not readily set this right, hence 
the solution should never be allowed to become unsaturated, Dissolving action takes 
place along the axes of symmetry of the crystal, and stresses are set up inside the crys- 
tal, probably by the local endothermic solution, leading even to splitting on rupture. 
Needless to say this emphasises the undesirability of slovenly use of water in pan 
boiling, also of either steam or water use in centrifugals, since these recessions will 
hold mother liquor. Liquoring in the centrifuge is here presented as preferable to 
steam or water washing from the point of view of crystal form. 

Reference is also made to the deleterious effect of gtaining upon a turbid solution, 
whereby nuclei form upon and include particles of foreign matter, and an intriguing 
observation is that sometimes strikes become opalescent just before grains are formed, 
this clearing as the grains grow to visible size. Hon1c’s suggestion is that this must 
be due to the turbidity being absorbed by the growing crystals. My own view is 
that this may be connected with differential growth rates, at sub-micron size. The 
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observation is made, that ultramarine is not held within the crystal. There are some 
interesting micro-photographs illustrating the text, but unfortunately these would 
not lend themselves to good reproduction. 

*° K, J. Pacmer, W. B. Dye and D. Brack, J. Agr. Food Chem. 4 C1956) 0173 
X-ray diffractometer and microscopic investigation of crystallization of amorphous 
sucrose. 

*° B. Makower and W. B. Dyes, J. Agr. Food Chem. 4 (1956) 72. 
Equilibrium moisture content and crystallization of amorphous sucrose and glucose. 
H. E. C. Powers, Vapour pressure equilibria with sucrose crystals, Intern. Sugar J. 
53 (1951) 254. 
H. E. C. Powers, Equilibrium relative humidity of a sugar, Intern. Sugar J. 56 (1954) 314. 
A discussion of refined sugar moisture equilibria. 

21 H. E. C. Powers, Sucrose crystal studies, Jntern. Sugar J. 58 (1956) 246; also Nature 
178 (1956) 139. 
A report upon the author’s studies upon the growth mechanism and internal structure 
of the sucrose crystal. Figs. 1/53 and 1/54 are here reproduced to show crystal with 
independent growth centres produced by growing in agar gel. 


Distribution of impurities 
#2 H. S. Paine and R. T. Bautcn, Facts About Sugar 21 (1926) 566, 575. 
Ultra filtration of beet sugar samples showed colloids distributed uniformly through- 
out crystal. Grossly dispersed material present in centre probably acted as nucleus 
for crystal growth. Ash more concentrated nearer surface, probably from mother 
liquor of decreasing purity. Electric effect ; crystals feebly positive as colloids are negative. 

23 TapasHi EGucui, SHiceru Morira and Exjiro Aoro, J. Soc. Chem. Ind. Japan 46 

(1943) 689. 
Occlusion of dyes, caramel and coagulated particles on sugar crystals. 

24 J. C. Keane, J. A. AMBLER and S. Byatt, Am. Chem. Soc., Cleveland Sect. (1934). 
Report over 50% of ash is sulphate and chloride of sodium and potassium; total N 
located in outer 5% of crystal, whereas colour, calcium and sulphites are more 
evenly distributed. 

25 F. D. Mixes, Phil. Trans. Roy. Soc. London, Ser. A 235 (1935) 125. 

On adsorption of gum arabic and dextrin in lead chloride crystals. 


Physical and physicochemical data on sucrose crystals. 
Electric and magnetic properties of sucrose crystals 


26 Vorcr, Lehrbuch der Krystallphysik, Leipzig (1910) p. 410. 
Dielectric constant of sucrose along crystal axis. 

27D, A. A. S. Narayana Rao, Current Sci. (India) 19 (1950) 276. 
Dielectric constant of sucrose (S.I.A.). 
Of principle directions of the electric susceptibility of the sucrose crystal, one coincides 
with the b axis, whilst the other two in the (010) plane are inclined to the crystal- 
lographic axes. The principal dielectric constants have been determined by the liquid 
mixture method at a frequency of 1.6 megacycles, the figures being: Ky: 3.85; Ky23255 
Ky: 3.56; @: +° where @ is the angle between the direction of Ky and the ¢ axis. In 
the direction —60° to C the figure was 3.58 and 3.85 in the direction nearly perpen- 
dicular to the (001) plane. The mean atomic polarisation of sucrose is calculated 
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to be 32.2% of the total polarisation; this high value is connected with the presence 
of OH radicals. 

28 ArExaNprROW, J. Tech. Phys. U.S.S.R. 3 (1936) 495. 

Dielectric constant of sucrose (effect of temperature). Frequency 50 — 1.7 megacycles/ 
sec. 

29 GuILLEN, Cahiers phys. 23 (1944) 43. 

Dielectric constant of sucrose (effect of humidity). 

30 Koseko, Physik. Z. Sowjetunion 4 (1933) 695. > 
Electrical conductivity of sucrose. Resistance as a function of temperature of vitri- 
fication. 

81 FINKE, Ann. Physik 31 (1910) 149. 

Magnetic susceptibility of sucrose. 


fe “2 where I = intensity of magnetisation, and H = field strength. 


32 Houtman, Aun. Physik 29 (1909) 160. 
Piezoelectric modulus of S. dih = piezoelectric modulus as defined in LANDOoLT- 
BORNSTEIN Physikalisch-Chemische Tabellen, 5th Ed., 3rd Suppl. Vol., Springer Verlag, 
Berlin, p. 1873. 


Mechanical properties of sucrose crystals 


*s BripGMAn, Proc. Am. Acad. Arts Sci. 68 (1933) 27. 
Compressibility of sucrose. Linear compr. along crystal axes and cubic compr. meas- 
ured at temperatures 30-75°C. Pressure 0.12000 atm. 

34 Beilstein’s Handbuch der Organischen Chemie, Bnd. 1, J. Springer Verlag, Berlin, p. 1064. 
Density of sucrose. Density in g/ml at 15°C. 

85 QuinKE, Ann. Physik (Wiedemann) 64 (1898), 618 and earlier refs. 
Surface tension of sucrose. Surface tension of molten sucrose at 160° C. 

°° A. VaNHook and E. J. Kitmarrin, Z. Elektrochem. 56 (1952) 302. 
Surface tension of sucrose (S.I.A.) 
Estimates of the surface tension of solid sucrose are given by: 
(1) calculation from bond energies (610 ergs/cm? parallel to and 815 ergs/cm® perpen- 
dicular to the normal cleavage plane at 0° K; 
(2) calculation from tensile strength (150 ergs/cm?); 
(3) computation from the surface tension of the liquid (given by QUINCKE as 66.9 
dynes/cm); 
(4) empirical calculations from compressibility, coefficient of expansion, density and 
m.p. (360, 170, 80 and 20 ergs/cm?); : 
(5) applying pastes of varying surface tension to the solid and judging the values 
equal by complete wetting (230-250 dynes/cm); 
(6) calculation from the heat of solution of fine crystals (5 ergs/cm?); 
(7) calculation from the enhanced solubility of fine crystals (20 ergs/cm?); 
(8) calculation from the hardness (370 ergs/cm*). The unweighed average is 224 
ergs/cm? for the solid surface tension, 84 ergs/cm? for the interfacial tension. The 
difference (140 ergs/cm? is at least within the range of surface tension of saturated 


solutions (80 ergs/cm?) in accord with Younc’s condition with complete wetting of 
the solid by its mother liquor. 


°7 Ray, J. Indian Chem. Soc. 11 (1934) 843. 
Surface tension of sucrose. Surface tension of fused sucrose also parachor. 
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Optical properties of sucrose crystals 
88 Vorct, Physik. Z. 9 (1908) 589, 590. 
Optical rotation by sucrose. («)y9 in degrees/mm crystal thickness along axes for A = 
430-626 mu. 
°° Vorct, Physik. Z. 9 (1908), 589, 590. 
Optical rotation in a magnetic field by sucrose. Verdet const. Wo = Rotation °/cem 
in a field of 1 Oersted for} = 451-626 mu. 
*° KEENAN, J. Wash. Acad. Sci. 16 (1926) 433. 
Refractive index of sucrose. Refractive index along crystal axes. 1 = 589 my. 
** ScHWIETRING, Z. Krist. Abt. A. (1930) 76, 87. 
Refractive index of sucrose. Refractive index along crystal axes. A = 589 my. 
* Exxis, J. Chem. Phys. 6 (1938) 221. 
Spectra-infra-red absorption of sucrose. Sucrose crystal, along axes, wavelength of 
bands A = 800-2500 mu. 
49 LEIBFRIED, Amn. Physik 37 (1940) 631. 
Raman spectra of sucrose. Wave-length of Raman-lines. 


Thermal properties of sucrose crystals 


44 Beilstein’s Handbuch der Organischen Chemie, Bnd. I, J. Springer Verlag, Berlin, p. 1064. 
Melting point of sucrose °C. 
45 SanperRA, Listy cukrovar 52 (1933) 101; 53 (1934) 25. 
Melting point of sucrose. Temperature in °C. Effect of impurities and procedure. 
46 KorLer, Monatsh. Chem. 81 (1950) 619. 
Melting point of sucrose. M.p. °C. Obtained by very rapid heating. 
47 Kucken, Ann. Physik 34 (1911) 185. 
Thermal conductivity of sucrose. Cals/cm/sec/°C for single crystal for — 78 to 0° C. 
48 Hini, Tate ¢» Lyle Research Lab., Report No. 109. 
Thermal conductivity of sucrose. Watts/em° C, B.Th.U./ft.h.° F for temperature 
27-56° C. 
49 SAMSDEN, An. Phys. 9 (1928) 35. 
Thermal expansion of sucrose. Linear coefficient; cubic coeff. (calculated) for tem- 
peratures —80 to 160° C. 
50 SHERRILL, Sugar 44 (1949) 6, 48. 
Thermal expansion of sucrose. Linear and cubic coefficients on single crystal for tem- 
peratures 19-76° C. 
51 Catvet, J. chim. phys. 35 (1938) 69. 
Heat of adsorption. Measured heat due to adsorption, preceding solution. 
52 Hicsie, Sugar Industry Technicians, Inc.; Mimeo separate (1952). 
Heat content of sucrose. Heat content of crystal sucrose B.Th.U./lb. for temperature 
0-93° C. 
53 HEemMMING, Z. physik Chem. Leipzig 97 (1921) 467. 
Heat of combustion of sucrose. In cals./g and kcals/mole. At constant pressure. 
54 Karrer, Ber. deut. chem. Ges. 55B (1922) 2854. 
Heat of combustion sucrose. In cals./g and kcals./mole. At constant pressure. 
55 Paoitoa, Ber. deut. chem. Ges. 58B (1925) 1339. 
Heat of combustion of sucrose. In cals./g and kcals./mole. At constant pressure. 


56 Tran, Compt. rend. 189 (1929) 164. 
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Heat of fusion. In cals./g and kcals./mole. Calculated. 

57 HicsiE, J. Am. Chem. Soc. 72 (1950) 3799. 
Heat of solution (and crystallisation). Sucrose to infinite dilution at 25° C. 

58 Jackson, Tate ¢» Lyle Research lab. Report No. R/187. 
Heat of solution (and crystallisation). Differential heat of solution at saturation. 
74-82% and 60-90° C; also at 67% and 25° C, Calculated (see also ScarcHarD, 
J. Am. Chem. Soc. 60 (1938) 3061). 

59 Janovsky, Zhur. Sakhar Prom. 3 (1929) 511; Arch. Suikerind. Ned. en Ned.-Indié 38 
(1930) 785. 
Specific heat of sucrose. In cals./g for 21-83° C. 

60 Parks, J. Am. Chem. Soc. 55 (1933) 2733. 
Specific heat of sucrose. In cals./g for — 179° to 25° C. 

61 ANDERSON, J. Am. Chem. Soc. 72 (1950) 3798. 
Specific heat of sucrose. In cals./mole for 23—-90° C. 


Sizes of granulated sugars and grading 


62 H. E. C. Powers, Intern. Sugar J. 50 (1948) 149. 
Determination of the grist of sugars. 
83 J. C. Kapreyn, Noordhoff, Groningen (1903). 
Skew frequency curves in biology and statistics. 
J. C. Kapreyn and M. J. vAN Uven, Noordhoff, Groningen (1916). 
Skew frequency curves in biology and statistics,.2nd Edition. 

64 The literature on the mathematical problems connected with the aim to represent 
screen analysis results of sugars by a simple equation has been discussed by Honrc 
in Determination of the Cryst. of Sugars, West Indies Sugar Corp. Report No. 3 (1954). 
The publications by BENNETT, RozEN, RAMMLER and SpERLING are quoted in this 
report. Also the valuable reference data in the three following: 

U.S, Bureau oF Stanparps. Polarimetry, Saccharimetry and the Sugars, Circular 440 (1942). 
International Critical Tables, McGraw-Hill Co., Inc., New York (1928). 
P. Honic, Principles of Sugar Technology, Vol. 1., Elsevier Publ. Co., Amsterdam (1953). 

85 H. E. C. Powers, Z. Zuckerind. 6 (1956) 415. 

Grain size of sugar. Deals with the significance of grain size, sampling technique and 
the M.A.C.V. method of expression. 


CHAPTER 2 


THE SOLUBILITY OF SUCROSE IN IMPURE SOLUTIONS 


PoC ReLry 
Chemistry Department, University of Tasmania, Hobart (Australia ) 


1. Introduction 


The solubility of sucrose is a subject of considerable importance when 
carrying out the process of crystallisation whether by boiling or cooling. 
As an important physical property of sucrose it has already been considered 
briefly by HirscHMULLER!. The solvent of greatest interest is water which 
in the first place is the natural medium containing the sugar in solution in 
the plant cells, and to this is added further quantities of water used to aid 
the processes of sucrose extraction. 

Sucrose is generally thought of as being very soluble in water, and this is 
true when considered on a weight basis as one gram of water will dissolve 
2.19 g of sucrose at 30° C, whereas it will dissolve only 0.36 g of sodium 
chloride or 0.37 g of potassium chloride. In fact it compares with such 
soluble electrolytes as ammonium nitrate at 2.4 ¢ per g of water. Among 
organic solutes of related chemical type its solubility lies between that of 
glucose at 1.2 g and that of fructose at 4.4 g per g of water. 

It is also of interest to consider the solubility in relation to the number of 
molecules dissolved in a unit quantity of water, as this gives a more realistic 
picture of the concentration of entities in the solvent material. For this 
purpose the mo/a/ concentration is a quantity sometimes used for comparison 
as it is also useful in physico-chemical considerations of properties related 
to solution concentration. The molal concentration represents the number 
of gmols of solute contained in 1000 g of solvent, which for the time being 
is water. 

Thus a solution of sucrose in water at 30° C has a molality of 6.4 when 
saturated; which is of the same order as 6.7 for glucose and 6.2 for sodium 
chloride, whereas potassium chloride is a little lower at 4.95 M, and both 
fructose and ammonium nitrate are very much higher at 24.6 M and 30.2 M 
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respectively. Although with the ionic solutes there may be more numerous 
entities at dilute concentrations when ionisation is more or less complete, 
the values indicated for saturating conditions are as representative as we 
are able to suggest as little is known of the degree of ionisation of saturated 
solution under such conditions. 

If we go a stage further and consider also the solvent on the basis of 
molecular entities we see that one molecule of sucrose requires 8.7 molecules 
of water as solvent at 30° C and this rises to 10.6 at 0° C and falls to a value 
of the order of 3.9 at 100° C. 


2. Solubility Determination 


The determination of the solubility of sucrose is more difficult to carry out 
with a high degree of precision than is the case for most inorganic solutes. 
The main difficulty lies in correctly ascertaining that the solution is truly in 
equilibrium with the solid phase. This is particularly so at low temperatures 
when dealing with pure solutions. Other solutes present with sucrose and 
which increase the viscosity of the solution are generally believed to make 
the determination more difficult. This may not always be strictly correct if 
the views of VAN Hook? are accepted concerning the influence or otherwise 
of the viscosity on rate of crystallisation. VAN Hook considers that viscosity 
is not the factor primarily controlling the rate of crystallisation, in which 
case when equilibrium is being approached from a supersaturated solution 
the factors influencing the ease of approaching equilibrium would be those 
which influence the rate of crystallisation. On the other hand when equilib- 
rium is being approached from the undersaturated region the influencing 
factors will be those which influence rate of solution. Rate of solution is 
not necessarily the same as rate of crystallisation and is generally more 
definitely rate controlled by viscosity and convection influences. 

The simplest method for carrying out solubility measurements and the 
one which is preferred by KELzy? is to ptepare synthetically the required 
mixture from weighed quantities of solute(s) and solvent with sufficient of 
the saturating solute to provide about 20% by weight over and above that 
required to saturate the solution. A total of 20 g of synthetic mixture is a 
suitable quantity to weigh into tubes, tightly stopper and clamp to a frame- 
work to be rotated in a constant temperature water-bath. Using tubes 
6” x }” it has been found that 4 t.p.m. is a satisfactory speed at which to 
rotate the rack. This procedure turns the tubes end-for-end witha frequency 
which is suited to viscous solutions. With very viscous solutions agitation 
may be improved by including one or two short glass rods in each tube. 
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A period of 14 days has been preferred by Ketty for this technique but it is 
likely that a shorter period would suffice. Wisk and NrcuHoson! examined 
the time required to reach equilibrium in the case of pure solutions of 
sucrose from the point of view of rate of crystallisation data. They indicated 
that the time taken for a sucrose solution having a saturation coefficient of 
1.02 to reach a value of 1.002 (7.e. as close to equilibrium value as can be 
experimentally distinguished), when placed in contact with crystals of 
surface area 0.05 m? per 100 g of water present, is 30 days at 0° C, 3 days at 
20° C and 9 h at 50° C. These times were calculated for unstirred solutions 
and they considered that stirring could well reduce the times by about 
six-fold. Generally tests conducted to approach equilibrium from the 
undersaturated region were preferred, but some tests which have been 
conducted with the approach from the oversaturated region have shown no 
significant influence on the results in most cases. At the end of the agitation 
period the tubes may be removed from the rack and allowed to stand in the 
bath in a vertical position until suspended solids have settled. Generally 
not more than 24 hours has been found necessary for this procedure, 
although pressure filtration has been used occasionally in some of the 
really viscous systems which have been examined and in which suspended 
crystals show no tendency to settle even in 7 to 14 days. It is an advantage 
to use crystals of 0.8 to 1 mm in size (+20—16 mesh Tyler screen size) from 
which the small crystals have been removed by sieving. 

For the preparation of phase equilibrium diagrams (q¢.v.) when original 
mixtures have been prepared from weighed ingredients, it is necessary only 
to analyse the clear liquid. This can be transferred from the top of the tube 
to a stoppered weighing bottle by means of a suitably warmed pipette. 
This technique is essentially that recommended by Hrix and Ricc1® to 
which they apply the term ‘synthetic complex method’ and has been found 
by Ketty to be more suitable for systems with viscous solutions than the 
SCHREINEMAKER ‘fesidue method’. The latter requires suspended crystals 
to settle into a compact mass and the analysis of this compact mixture is 
contrasted with the analysis of the clear supernatant layer. Owing to the 
very viscous nature of many of the solutions containing sucrose and other 
solutes the physical difficulties in obtaining a reasonably concentrated 
‘residue’ may be substantial. 

A method resembling that used by KEtty was used by KatsHoven® and 
later by THtEMeE’ to determine the solubility of sucrose in naturally occurring 
molasses samples. When examining samples of molasses it is generally 
redundant to weigh out initial quantities of sucrose and molasses before 


mixing. 
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Whilst this method appears to provide reasonably satisfactory results it 
suffers from the disadvantage of taking a long time to perform. However, 
if there is no urgency to obtain the data, this disadvantage is not as serious 
as may first be thought to be the case. It is possible to operate with 30 or 
mote tubes on a single rack, and by arranging the schedule so that three 
new tubes are clipped into position each day, an ‘assembly line’ type of 
procedure may be adopted to provide a regular supply of data. There are, 
however, circumstances in which a rapid determination is more advantage- 
ous especially for samples of molasses in association with factory operation. 

In Australia a method has been developed by HARrMAN® who employed 
microscopic examination of a sugar crystal in a sample of molasses. The 
otiginal ‘saturation cell’ was made of glass, and water of a suitable temper- 
ature was circulated through the cell block. This has more recently been 
supplanted by electrically heated microscope substage equipment with a 
glass thermometer or thermocouple head suitably embedded in the massive 
metal block. These cells are preferably of copper construction providing 
maximum opportunity for conductance of heat. A feature which is impor- 
tant for accurate results is to be able to control effectively the rate of tempe- 
rature rise. Electrically heated cells® are much more amenable to this than 
watet-jacketed cells. A continuously variable transformer has been found 
to be the most effective piece of equipment to aid temperature control. 
Experience has indicated that temperature readings with these units should 
be checked against the m.p. of several pure substances over the temperature 
range of interest. 

The technique involves placing a drop of molasses on a microscope 
cover glass, introducing a milligram or so of finely powdered sugar, 
preferably chip shaped particles, and covering with a thin cover-glass. The 
temperature at this stage should be lower than the saturation temperature of 
the sample, 7.e. it should be supersaturated. It is necessary to observe the 
precaution to seal the edge of the cover glass by exuding a little molasses. 
Cotton wool padding placed around the objective of the microscope to 
cover the exposed top of the glass circle reduces the loss of heat to a mini- 
mum. In some types of micro-melting point sub-stages an air chamber 
under a flat glass disc provides thermal protection and the objective of the 
microscope is focussed through the glass disc as well as the top cover glass. 

A magnification of 200 diameters has been found to be the most satis- 
factory. The edge of a chip or crystal is observed as the temperature is 
taised. The temperature at which erosion of the edge is seen to commence 
is noted as the saturation temperature of the sample 7.e. the temperature at 
which it is saturated with respect to sucrose. Generally two observations 
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should be made, the first in the nature of a trial with heating at the rate of 
about 1° C per minute. This may result in a temperature about 3° C too 
high being noted. A second sample should then be taken and heated to 
within 5° C of the approximate saturation temperature before adding the 
sucrose crystal. A rate of heating of 4° C/minute should enable the satura- 
tion temperature to be observed with a satisfactory degree of accuracy. 

Intermittent testing is liable to give erroneous results and the change of 
crystal outline is more accurately related to temperature with continuous 
heating. 

The eye has a tendency to tire after a period of intense observation while 
waiting for the edge of the crystal to start dissolving, particularly if a large 
number of determinations is being made. It has been found advantageous 
to employ polarised light in addition to ordinary light and to work alter- 
nately between these two conditions. The eye is thus rested somewhat by 
providing a changed distribution of colour in the field. Too rapid alternation 
will also induce eye-fatigue. 

If extensive work of this character is being carried out it is recommended 
that the observer should check his technique not only for accurate tempera- 
ture recording with the aid of melting point determinations with pure 
substances, but also with solutions of known saturation temperature 
established by the previously described technique of agitated suspensions 
of crystal. 

The saturascope technique as just described is not recommended for syrups 
having a purity greater than 60°. It is generally suitable for the more 
viscous and lower purity materials experienced with final molasses when 
rates of crystallisation are slow, but should be considered with the maximum 
of caution and with adequate standardisation of technique if any attempt is 
made to apply it to syrups of purity higher than about 60%. Also it is not 
recommended for synthetic solutions, except under special circumstances 
when conditions simulate those experienced with naturally occurring final 
molasses. 

A warning is given when interpreting results of saturation temperatures 
of molasses which may be measured in this manner. The implication exists 
that the molasses is supersaturated with respect to sucrose at temperatures 
below the value at which dissolving of sugar is observed. This does not 
necessarily mean that sucrose will crystallise within reasonable time under 
these so-called conditions of supersaturation!®. If such information is 
desired it can be obtained only by carrying out actual crystallisation tests. 

MILLIcENt Taytor! used a refined modification of the saturascope 
technique to determine the solubility of sucrose over the temperature range 
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64-80° C. She employed a rather elaborate glass cell contained in the well 
of a temperature. controlled water-bath. Temperature was measured with 
carefully calibrated thermocouples. The seeding crystals were at least two 
in number and 0.5-0.25 mm in size. Exceptionally painstaking precautions 
were adopted with the object of obtaining the maximum attainable accuracy. 
For example the rate of temperature change was generally less than 0.02° C/ 
min and the calculated probable error of temperature observation was 
+ 0.053° Cin the sense that chances that the error is greater or less than the 
true value are even. 

A method requiring as many refinements as employed by MILLICENT 
TAYLOR is not likely to find favour among workers outside of academic 
institutions or for applications other than for pure substances for which 
data of the highest degree af accuracy is of fundamental importance. 
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Fig. 2/1. Apparatus similar to unit used by Wis and NicHo1son for measuring saturation 
temperatures. 


Recently Wisk and NicHoson!2 used for sugar solutions the method 
first described by Dauncry and Stitt (Fig. 2/2). In this method a beam 
of light reflected from the surface of a crystal in the solution under examina- 
tion is observed and a clearly defined change in the angle of reflection is 
associated with the saturation temperature. 

The solubility cell initially described by Wise and NrcHotson employed 
a two-inch T-piece pipe fitting which was machined smooth and silver 
plated (Fig. 2/1). This had a capacity of approximately 100 ml. Perspex 
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discs were fitted to the ends with a rubber gasket, and the short upright 
arm of the T-piece carried a rubber stopper through which was passed a 
stainless steel stirrer, thermometer and entry tube for the solution. The 
whole cell was contained in a perspex box measuring approximately 
4" x 4" x 6", through which water was circulated by a centrifugal pump. 
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Fig. 2/2. Apparatus similar to unit used by Wisz and NicHoLson for measuring satu- 
ration temperatures. 





A conical flask which could be heated or cooled was included in the system 
of circulating water and used for adjusting the temperature of the sucrose 
solution in the cell. Very little lag was observed by these workers between 
the temperature of the well stirred sucrose solution and that of the circulat- 
ing water. 

On the outside of the perspex box was a slit formed by two razor blades 
behind which was placed a 40 W lamp. When the cell was assembled a 
sucrose crystal was clipped to the thermometer with a rubber band. The 
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saturation temperature was observed when in viewing the slit behind the 
crystal the angle of reflection suddenly changed. The solution could be 
heated or cooled through the saturation temperature a number of times and 
the average value determined. These workers were able to obtain agreement 
of temperature readings to within 0.1-0.2°C. The rates of heating or 
cooling were 1.5° C per minute which was found by test to be satisfactory 
for the system. 

Whilst Wi1sE and NICHOLSON initially used this method for pure sucrose 
solutions they have subsequently reported results for potassium chloride 
— sucrose — water solutions‘. The results for this system differ slightly from 
those recorded by SHuKow!* and are included here in Table 1 (q.v.), 
although the differences are due partly to a lower value for the solubility of 
sucrose in water. 

The advantage which Wise and NicHo.son claim for this method is that 
results may be obtained very quickly and hence the possibility of inversion 
of sucrose taking place is minimised. This is particularly important at high 
temperatures. The method would appear to be applicable to samples of 
molasses if the cell were reduced in depth and a higher powered light used 
for illumination. To obtain a thin enough cell for dark coloured samples of 
molasses might well require the use of a thermocouple junction instead of 
the more bulky conventional type of thermometer bulb. 

Another method which has been explored as a possible means for identi- 
fying the saturation temperature has been described by Doss, Gupra and 
VisHNu!. These workers have explored the possibility of a break at satura- 
tion in the viscosity or electrical conductivity relationship with temperature 
on a log v 1/T plot for molasses. No break was observed for the former 
but a small one was observed for the latter. The break, however, was not 
definable with sufficient precision to be worth using as a means for deter- 
mining the saturation temperature. 


3. Three Component Sucrose Solutions 


When a third component (or further additional components) may be present 
in a solution of sucrose and the sucrose is the solute of primary interest, 
then we speak of the solution as being ‘impure’ with respect to sucrose. If 
we consider only the weight relationships of the various components this 
does not convey information of very much value when considering solubil- 
ity behaviour. If, however, we consider relationships on the basis of weight 
of solute per unit weight of solvent a much more satisfactory picture may 
be obtained of the solubility conditions. In the field of sugar literature it is 
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common practice to refer to the solubility of sucrose as gs sucrose/g water, 
or g sucrose/100 g water. This is not fundamentally different from the 
practice of physical chemists to refer to solutions in terms of molal concen- 
trations (i.e. g. moles of solute/1000 g water). Multiplying by a factor of 2.92 
will convert values in g sucrose/g water into molal concentrations. 

When a third component is added to a saturated solution of sucrose it 
may either increase or decrease the solubility. Occasionally there may be no 
significant influence, and very occasionally a double compound may be 
formed. The subject of double compound formation will be discussed 
more specifically at a later stage in this chapter. 

When two (or mote) solutes are present in solution it has been common to 
think of them as competing for the solvent, and one solute is said to ‘salt-in’ 
ot ‘salt-out’ a second solute according to the change in solubility of the 
second solute in the presence of the first. In measuring the salting-out 
effect of solutes which reduce the solubility of the second solute it has 
been reasonably satisfactory to interpret results in terms of net achievement 
in competition for solvent molecules. Unfortunately this concept breaks 
down in circumstances where salting-in or increase in solubility takes place. 
Lone and McDevir!* extensively reviewed literature relating to theoretical 
explanations for salting-in and salting-out behaviour, and while drawing 
attention to the inadequacy of the solvation theory to explain salting-in 
effects and to its deficiencies in explaining salting-out effects, no comprehen- 
sively applicable explanation could be suggested for the various types of 
behaviour which had been observed. Attention may, however, be drawn 
to the fallacy sometimes evident in discussion on theories of molasses 
formation that salting-in behaviour is related to double compound forma- 
tion. 

The subject of salting-in or salting-out behaviour may be considered on 


a quantitative basis by calculating a ‘solubility coefficient’? which may be 
defined as follows. 


solubility of solute in impure 


oe s solution at temp. 7° 
solubility coefficient = P 





(1) 


solubility of solute in pure 
solvent at temp. 7° 


The figure so obtained for the solubility coefficient (S.C.) will be numeri- 
cally the same irrespective of whether solubilities are measured in g solute/g 


solvent; g solute/100 g solvent or in molalities, provided consistent units 
are used in each case. 


The theoretical treatment which various workers have been able to use 
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when considering the salting-in or salting-out effects of electrolytes on 
non-electrolytes!® have not been applicable to sucrose solutions owing no 
doubt to the high concentration of non-electrolyte in these cases, whereas 
the theoretical treatments have been more successful when dealing with 
low solubility non-electrolytes such as the gases. 

In Figure 2/3 are illustrated in graphical manner the influence of some 
secondary solutes on the solubility of suctose. The solubility coefficient of 
sucrose is plotted as ordinate and the ‘purity’ of the solution with respect 
to sucrose (7.e. sucrose/100 total dissolved solids) is plotted as abscissa. 

It would appear possible to generalise 
to this extent that solutes which form 
a hydrate have a salting-out effect on 
sucrose at least within the temperature 
range over which the hydrate is stable 
whereas those which do not form a 
hydrate increase the solubility of su- 
scose}". 

It is also interesting to note the 
effect of sucrose on the solubility of _ 

: ; Fig. 2/3. Influence of second solute on 

other solutes. Some illustrations are 4° solubility coefficient of suctose: J. 
given in Fig. 2/4 where in this case the Appl. Chem. London 4 (1954) 411. 
abscissa is in terms of g second solute/ 
100 g total dissolved solids. Generally 
it appears that solutes which increase 
the solubility of sucrose also have 
their own solubility increased and vice 
versa. Two exceptions to this general- 
ization ate shown in Fig. 2/4 viz. fruc- Ps 

; 100 860 60 40 2 0 
tose and ammonium nitrate. Also SHE sie colniaiidoy of 
fructose normally crystallises in the dissolved solids 
anhydrous form at 30° C, but at this Fig, 2/4 Influence of, sucoseon, the 
temperature it has a slight salting-out 7, Appl. Chem. London 4 (1954) 411. 
effect for sucrose. 

Jackson and SrisBeE1® determined the solubility of sucrose in invert 
sugar solutions and the data in Table 2 have been prepared from their 
results. 

The system containing invert sugar in solution as well as sucrose is, how- 
ever, not a three-component system and the two reducing sugars — glucose 
and fructose — will each have their own individual influence on the solubility 
of sucrose. Kretiy1’? found that whilst both reducing sugars exercised a 
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TABLESZ 
SUCROSE IN INVERT SUGAR SOLUTIONS? 
Conc. of Solubility of sucrose Solubility coefficient 
invert sugar (g/100 g water) 








(g/100 g water) “53 45°C 30°C 50°C 23.15°C 30°C 50°C 


0 208 219 260 

50 187 197 242 0.90 0.90 0.93 
100 171 182 222 0.82 0.83 0.85 
150 158 170 216 0.76 0.78 0.83 
200 159 208 0.73 0.80 
250 i by 201 0.69 O77 
300 146 194 0.67 0.75 
350 143 192 0.65 0.74 
400 141 189 0.64 0.73 





salting-out influence on sucrose, the influence of glucose was a little greater 
than that of fructose at 30° C. This was consistent with the observation 
that glucose normally crystallises as the monohydrate at this temperature 
whereas fructose crystallises in the anhydrous form. These results are 
generally in agreement with those obtained by workers who have examined 
sucrose solubility relationships in natural molasses and reached the conclu- 
sion that the reducing sugars lower the solubility of sucrose. THIEME? in 
fact obtained very close correlation between the reducing sugar content of 
Java molasses and the solubility of sucrose. 

When discussing solubility relationships in natural molasses it has fre- 
quently been stated in the literature that inorganic solutes increase the 
solubility of sucrose and in this respect are in contrast to the influence of 
the reducing sugars. A close examination of results from synthetic systems 
containing sucrose and an inorganic solute reveals, however, that there are 
many exceptions to this view. Even in the results of Suuxow! published 
in 1900 the presence of potassium chloride in concentrations up to about 
one third of that required to saturate the solution at 30° C actually reduced 
the solubility of sucrose. This was confirmed recently by Ketty?? and also 
by Wisr and NicHotson*. SHuKow’s results also showed similar behaviour 
with potassium bromide, potassium nitrate, and sodium chloride. KELLY 
has found that salts which form hydrates such as calcium chloride, magne- 
sium sulphate and copper sulphate have a marked salting-out effect. 

KOHLER! examined solutions saturated with both sucrose and a second 
solute at a temperature of 31.25° C, and he also found the solubility of 
sucrose to be reduced in the presence of such solutes as calcium chloride, 
calcium acetate, sodium sulphate, magnesium sulphate and potassium 
sulphate. 
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It is evident, therefore, that it is essential to take into consideration the 
nature of the inorganic constituents of a molasses in addition to their 
concentration. 

There is one constituent which is peculiar to and important in beetsugar 
materials, v/z. raffinose. The solubility of sucrose in the presence of raffinose 
has been examined by Martanr and Crrerrr2° at temperatures of 25° 
and 64° C. At the higher temperature a well defined salting-out of sucrose 
was indicated with a minimum S.C. of 0.78 when the solution was saturated 
with respect to both solutes, whereas at 25° C the S.C. reached a minimum 
of 0.92. This reciprocal temperature coefficient of the solubility coefficient 
whilst being very marked in this system may also occur in other systems 
to a greater degree than had previously been considered likely. There is a 
trend in this direction in the system containing potassium chloride as may 
be evidenced from the data in Table 2. 


4. Multi-Component Sucrose Solutions 


Natural molasses is a multi-component system with a high degree of com- 
plexity. Although samples have been analysed for many years, the full 
number of components is still incompletely identified. The nature of many 
of the.components as well as their concentration vary from place to place 
and from one season to another. One method of investigation is to analyse 
the behaviour of molasses itself and compare the results from samples 
with and without some particular component or group of components. 
This is the line of approach which has been most generally adopted by 
reseatch workers in this field in different parts of the world. The satisfactory 
analysis of results has, however, been a major obstacle to progress and from 
time to time some workers have given attention to studies of synthetic 
solutions prepared from pure materials. 

The greatest amount of satisfaction is likely to be obtained by combining 
the results from these two lines of approach. Unfortunately it is seldom 
possible to remove completely a single specific component from a sample 
of molasses and to examine behaviour before and after such a procedure; 
it is also extremely unusual for two samples of molasses to agree completely 
in composition with the exception of a single constituent. One can only aim 
for the best approach under the circumstances experienced by the investi- 
gator and interpret results with appropriate precautions and restraint in 
generalising. 

Similar comment might well be applied to the results of work in the 
field of synthetic solutions. It should be obvious that a study of the behaviout 
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of some particular component would be far more valuable from the point 
of view of practical application if as many as reasonably possible of the 
other components normally found in practice are also present. 

Perhaps the most satisfactory compromise between these two lines of 
approach is to study a sample of natural molasses known to be deficient in a 
particular component and to observe any change in behaviour after adding 
vatying quantities of this component in a pure form. 

Ketiy has used this third line of approach to study the change in solu- 
bility of sucrose with different types of molasses?!. These results provide a 
picture of the range of behaviour which can be experienced under varying 
conditions of temperature and purity. In Fig. 2/5 the results are illustrated 
for four different types of behaviour. 






Solubility Coefficient 


Solubility Coefficient 


Purity Purity 
Fig. 2/5. Solubility coefficient variations in molasses. 
Proc. Queensland Soc. Sugar Cane Technologists 13 (1946) 135. 


In the first type it can be seen that the solubility coefficient of sucrose falls 
steadily with decreasing purity. This type of behaviour is characteristic of a 
predominating influence of reducing sugars. Whilst this is more generally 
the simplest interpretation of results of this character, the possibility of 
other non-sucrose solutes or combinations of solutes exercising a similar 
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influence or at least a complementary influence must not be overlooked. 

In the fourth type we see an almost completely contrasting type of 
behaviour in which the solubility coefficient of sucrose increases over a 
wide range of conditions. At saturation temperatures of 65-75° C the rate of 
increase of the solubility coefficient as the proportion of impurities increases 
is very substantial. The behaviour depicted in the fourth type of molasses is 
characteristic of a predominating influence of inorganic solutes with 
chlorides more influential than sulphates. It is not sufficient to inspect only 
the total sulphate concentration in the molasses impurities as there may 
well be much of it in the form of gypsum crystals which would have no 
direct influence on the solubility characteristics of sucrose. 

In the behaviour observed with the second and third type of molasses 
illustrated, it is difficult to make a general statement concerning the possi- 
bility of any one component or group of components exercising a predom- 
inating influence. 

One characteristic which is reasonably well shared by all four types here 
illustrated is the general fall in solubility coefficient of sucrose at low sat- 
uration temperatures as the proportion of impurities increases. KELLY 
believes this to be related more to the influence of glucose in the reducing 
sugars and its ability to crystallise as a monohydrate. This view is based on 
observations of sucrose solubility changes in synthetic solutions containing 
only sucrose and the two reducing sugars, either with or without an 
inorganic solute. 

Most of the measurements of the solubility of sucrose in molasses have 
been made as part of an investigation into the purity limits to which crystal- 
lisation of sucrose might be taken. There seems to be general agreement 
that good exhaustion is more frequently associated with conditions under 
which the solubility of sucrose is reduced by the combined influence of 
associated non-sucrose solutes. This can be readily understood especially 
when behaviour is as illustrated by the type 1 molasses depicted in Fig. 2/5. 
Poor exhaustion could also be readily explained for conditions simulating 
those experienced with the type 4 molasses when operating at high saturation 
temperatures. The greatest difficulties in interpreting factory operating 
results would seem to be associated with endeavours to take advantage of 
apparently more favourable conditions at lower operating temperatures 
without the expected corresponding benefits materialising. The reasons 
which have been suggested from time to time include the difficulties of 
operating with highly viscous materials at low temperatures or the possibil- 
ities of double compound formation with sucrose. This chapter, however, 
is intended to deal more specifically with solubility conditions. 
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The solubility of sucrose in pure solutions has also been studied in the 
presence of more than one other solute. The conditions which have received 
the most attention are the solubility values in the presence of invert sugar. 
PRINSEN-GEERLIGS22 was an eatly worker in this field and he concluded 
that the presence of invert sugar was without influence upon the solubility 
of sucrose. In his experiments he used oversaturated solutions of sucrose 
and from a study of the conditions under which he examined the system it 
is considered probable that the solutions were oversaturated with respect 
to sucrose even at the end of one month — the time allowed by GrEERLIGs 
to reach equilibrium. Later more satisfactory sets of data were obtained 
by VAN DER LINDEN?’ and by JACKSON and Sixspee!8, Both of these 
workers found that invert sugar caused a marked reduction in the solubility 
of sucrose, although the figures obtained by the latter workers indicated a 
slightly higher degree of salting-out of sucrose especially at 50° C. Jackson 
and S1isBEE also continued their investigations to cover other conditions of 
reducing sugar concentration by altering the composition of the invert 
sugar solutions which they prepared. This was done mainly by evaporation 
and removal by crystallisation of glucose-hydrate. This work was most 
painstakingly conducted and appreciable ingenuity was required to over- 
come the difficulty of not having fructose available in crystalline form. 

More recently Kexty has had the opportunity to investigate this system 
at 30° C using crystalline samples of the three sugars as starting materials?4, 
The relative effects of these sugars upon each othet’s solubility is illustrated 
in Fig. 2/6 using trilinear coordinates to represent the relative proportions 
of each of these solutes. Lines have been drawn to join points of equal 
solubility coefficient. KELLy found that the behaviour of glucose was not as 
simple as had previously been thought to be the case and that even at 30° € 
crystalline anhydrous glucose was observed as a stable solid phase in 
equilibrium with solutions of a significant range of composition, and as a 
meta-stable phase over a very much wider tange of conditions. The highest 
degree of salting-out of sucrose was observed about mid-way between the 
two meta-stable quaternary points of the system and when the concentration 
of glucose slightly exceeded the concentration of fructose. 

It is interesting to note that in certain tegions of high concentration of 
solute there is a small salting-in effect, and at the main quaternary point each 
of the three solutes shows a solubility coefficient in excess of unity, namely 
1.08 for sucrose, 1.11 for fructose and 1.26 for glucose. Sucrose shows two 
points of low solubility coefficient with a value of 0.625 at point M (g.v.) and 
the second with a value of 0.66 at point IV when the solution was saturated 
with both sucrose and fructose, witha relatively small proportion of glucose. 
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Sucrose 






Glucose 


Fig. 2/6. Solubility-coefficient relationships at 30° C for the system suctose-fructose- 
glucose-water; J. Appl. Chem. London 5 (1955) 120. 


Ketty has also studied the two quaternary systems sucrose — fructose — 
potassium chloride — water and sucrose — glucose — potassium chloride - 
water25, In these systems the introduction of a component with well known 
salting-in behaviour vz. potassium chloride, has been of considerable 
interest. The influence in the four component system is quite marked, and 
sucrose has a solubility coefficient greater than unity over a wide range of 
other solute concentration conditions. In Fig. 2/7 and 2/8 the solubility 


Sucrose 


Fructose ¢ KCI 


Fig. 2/7. Solubility-coefficient relationships for the quaternary system sucrose-fructose- 
cafes i KCl-water; /. Appl. Chem. London 5 (1955) 66. 
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Sucrose 





Glucose KCI 


Fig. 2/8. Solubility-coefficient relationships for the quaternary system sucrose-glucose- 
KCl-water; J. Appl. Chem. London 5 (1955) 69. 


coefficient conditions are illustrated for these two systems. The area A DGF 
of Fig. 2/8 where glucose is the reducing sugar could be superimposed 
upon Fig. 2/7 in which fructose is the reducing sugar. In other words, the 
influence of glucose in the presence of potassium chloride on the solubility 
of sucrose is almost identical with the influence of fructose in the presence 
of potassium chloride until the condition is reached where the solution is 
also saturated with glucose. 

It is now possible to prepare a diagram from the examination of synthetic 
solutions of pure compounds and to compare this with the diagrams of 
Fig. 2/5 for natural molasses. In Fig. 2/9 has been plotted the relationship 
between the solubility coefficient with respect to sucrose for solutions of 
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Fig. 2/9. Change of solubility coefficient accompanying isothermal crystallization of 
Sucrose in the quaternary system sucrose-fructose-KCl-water; /, Appl. Chem. London 
4 (1954) 411. 
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gradually falling purity in the system sucrose — fructose — potassium chloride 
— water. The reducing sugar — fructose — has been preferred on this occasion 
because of its greater solubility than glucose and the consequent wider 
range of ‘purity’ conditions which can be examined before the system is 
saturated also with respect to reducing sugar. 

This simplification is considered permissible in view of the very close 
similarity between the influence of fructose and glucose on the solubility 
of sucrose in the presence of potassium chloride. Three conditions are 
illustrated with ratios of fructose to potassium chloride (cf R.S./ash in 
molasses) of 3, 5 and 19. A further comparison between behaviour of 
sucrose in a synthetic system and in natural molasses will be given at a 
later stage in this chapter when discussing conditions in terms of phase 
equilibrium diagrams. 

Increasing the number of solutes in a solution also has the effect of 
increasing the total concentration of solids which may be dissolved in a 
particular amount of water. As we have been referring to solubility in 
terms of weight of solute per unit weight of water it is interesting to specu- 
late on the amount of solute which a unit weight of water can dissolve as the 
number and variety of solutes are progressively increased. 

Thus at 30° C one gram of water will dissolve 2.19 g of sucrose, or 7.3 g 
of solute when made up of sucrose and fructose. If glucose is added to 
provide a solution saturated with respect to all three solutes, a total solute 
concentration of 8.8 g will be reached for every g of water. Had potassium 
chloride been the third solute instead of glucose then the total solute 
concentration would have reached a maximum of 9.0 g/g water. The 
solubility of potassium chloride is itself slightly lower than that of glucose, 
but its stronger salting-in effect results in a higher total solids content. It was 
interesting to observe that the conditions of maximum dissolved solute did 
not coincide with the quaternary point but were associated with a range of 
conditions surrounding the quaternary point. The system containing all 
four solutes in solution has also been studied by Ketty?® and it was found 
that with sucrose, fructose, glucose and potassium chloride all dissolved to 
give a solution of maximum total solids concentration it was not possible to 
increase this value beyond the figure of 9.0 g/g water. 

It can be seen therefore that the total concentration of dissolved solids in 
a sucrose solution may be increased more than fourfold by increasing the 
number of solutes present in solution, Thus the ‘purity’ of a solution 
saturated with respect to sucrose has been ‘reduced’ to a figure as low as 
21% by a process which amounts to dilution with additional solutes. There 
would appear to be no theoretical limit to the number of solutes which 
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could be dissolved in the same unit weight of water although the total 
weight of solutes might not exceed nine times the weight of the water. 

When considered on a molar basis the highest number of moles of solute 
dissolved in a mole of water was experienced in the sucrose — fructose — 
potassium chloride system when up to 1.3 moles of solute were dissolved 
in a mole of water at 30° C. The maximum reached for a solution saturated 
with sucrose in the five component system was approximately one mole of 
solute per mole of water. This represents a total molality of 55.5. 

Although solutions were obtained with more moles of solute than of 
solvent, the water was still strictly the true solvent as no individual solute 
reached a concentration of one mole. Fructose, however, was frequently 
close to reaching this figure and would exceed it at higher temperatures. 
Fructose alone would reach this condition at approximately 70° C accord- 
ing to tables for the solubility of fructose in water prepared by the U.S. 
National Bureau of Standards'8, In the presence of solutes exercising a salting- 
in effect, fructose would become the true solvent at temperatures even lower 
than 70° C, 

Conditions of this nature have not as yet been identified in natural molasses. 


5. Sucrose Double Compound Formation 


In the study of natural molasses the possibility of sucrose forming double 
compounds with other solutes occurring therein has been consistently 
considered for many years. PRINSEN-GEERLIGS2? has been the strongest 
protagonist for this view and in fact defined molasses as ‘a hydrated syrupy- 
liquid combination of sucrose and salts’. He did himself claim to have 
prepared certain of these compounds??. HELDERMAN on the other hand28 
strongly contested the view on the basis of his own experiments. Under 
pressure from PRINSEN-GEERLIGS28 he conceded the possibility of such 
compounds existing?® but reconfirmed his own inability to crystallise any. 
KoxrHorF®® later re-opened the subject by claiming that HELDERMAN had 
not waited long enough for the double compound to form. 

Perhaps the most important investigation of suctose double compounds 
and probably the most painstaking is the one recorded by Grr! in 1871, 
This work does not seem to have been noted by the workers in Java in the 
first quarter of the present century. 

Gixu actually crystallised double compounds of sucrose with sodium 
chloride, sodium bromide and sodium iodide. More recently several of 
these, and especially the double compound with sodium bromide have 
been crystallised by BEEVERs and CocHRANE®2 and studied by X-ray 
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diffraction experiments. Ketty has also crystallised a double compound 
with sodium iodide??. 

HELDERMAN was also unsuccessful in his attempts to crystallise double 
compounds with glucose and NaCl*4 but subsequently Marsuura*® reported 
successful identification of a double compound between these two sub- 
stances. 

The following formulae have been attributed to double compounds by 
various workers in this field 


Gb .7 e laGl).2H.0 ) (refs, **,*) 
Be eNabr Siig) 1itets,. ss) 
2G. eHes0,,.3Nal. ..3H,O (efs. * ™*) 

Deel OP pg i aed SAO Be by tidy) 

GH Og eo NaCl 5 HO (rete) 


Perhaps the most important reason for including a section on double 
compound formation in a chapter on solubility determination is the fact 
that PRINSEN-GEERLIGS22 considered the property of salting-in of sucrose 
to be associated with the ability for sucrose and the particular salting-in 
compound to form double compounds themselves. He expressed the view 
that the postulated hydrated double compounds with inorganic salts also 
increased the solubility of sucrose. This, however, is by no means consistent 
with a solubility figure determined by Grii*? for the sucrose-sodium iodide 
crystals which he obtained. He reported that these crystals dissolved in 
1.5 times their own weight of water at room temperature. If this concentra- 
tion be calculated in terms of sucrose solubility, a very substantial reduction 
is indicated. For example a solubility coefficient of 0.18 would be indicated 
if ‘room temperature’ is taken as 20° C or 0.19 if it is 10° C. As the double 
compound with sodium iodide is the most easily crystallised of the sucrose 
double compounds it is not thought to be very good evidence for the 
existence of double compounds simply that the solubility coefficient for 
sucrose should be increased. 

More recently WiKLuND** has given attention to ways and means for 
establishing ort otherwise the existence of double compounds by the 
measurement of other physical properties of sucrose systems containing 
three or more components. In particular he has employed Jos’s principle 
to interpret the modification of the optical rotation of sugar solutions 
caused by salts on the basis of possible double compound formation. 
Another approach has been the one made by VAN Hook’ to examine X-ray 
scattering patterns of a desiccated mixture of sucrose and potassium nitrate 
in equimolar proportions. Under these conditions a complete amorphous 
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pattern was realised whereas a pattern characteristic of potassium nitrate 
with no marked evidence of sucrose was obtained when the salt was in 
molar excess. Also KELty has observed abnormal viscosity behaviour*® of 
certain impure sugar solutions which could be combined with observations 
of electrical conductivity® to interpret conditions as favouring double 
compound formation. The fact remains, however, that whereas a few 
double compounds of sucrose have been crystallised from synthetic solu- 
tions under special conditions, the most characteristic property of molasses 
is that it does not crystallise. KeLty therefore feels justified in emphasising 
the need for very great caution when interpreting solubility data in terms of 
double compound formation. 

When carrying out experiments with the object of actually crystallising 
double compounds of sucrose from synthetic solutions one of the most 
important attributes needed by the experimenter is a large measure of 
patience. This was a feature of the work carried out by GrLu?! it was a major 
deficiency of HELDERMAN’s work?8 according to Ko_rHorF®® and in the 
only experiments with which Kexty has achieved success in crystallising a 
double compound with sodium iodide it was necessary to allow the process 
to continue over a period of about six months?3, 


6. The Phase Rule and Phase Equilibrium Diagrams 


The possibility of employing a phase rule approach to the study of natural 
Systems containing sucrose in solution, of which cane and beet molasses 
are the examples of most widespread interest, has intrigued scientific 
workers in this field for many years. In 1915 VAN DER LINDEN? drew 
attention to such a possibility and discussed the subject of molasses forma- 
tion from the standpoint of the phase rule. He discussed the subject in 
terms of a system sugar — water — non-sugar, representing the non-sugars as 
a single component. HELDERMAN?® also conducted investigations which he 
interpreted with the aid of phase rule considerations. 

Unfortunately at that time the issue became rather confused with the 
acceptability or otherwise of various theories of molasses formation. For 
example, PRINSEN-GEERLIGS2’ held strongly to his definition of molasses 
as a hydrated combination between sugar and salts, which cannot be broken 
up by dissociation in a concentrated state and therefore cannot yield sucrose 
in a crystallised form. On the other hand VAN DER LINDEN defined molasses 
as a mixture which is saturated not only with respect to sucrose but also 
with respect to at least one more substance. Although use of the phase rule 
and phase equilibrium diagrams should have been of assistance to differen- 
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tiate between these two theories, the fact that protagonists of a phase rule 
approach failed to identify, specific double compounds with sucrose brought 
disrepute upon this line of approach in the eyes of PRINSEN-GEERLIGS and 
his supporters. Both VAN DER LINDEN and HELDERMAN seem to have 
bowed to the dominance of PRINSEN-GEERLIGS and withdrew from the 
field with insufficient data to substantiate any alternative viewpoint. 

And then in 1935 Micnext and De Gyutay?? discounted the possibility 
of obtaining useful information regarding the limitation of sucrose crystal- 
lisation in molasses from a phase rule approach. They suggested that under 
factory conditions of operation, sufficient time is not available for the 
molasses and crystal in a low grade molasses to reach equilibrium at the 
end of cooling in the crystallisers. This type of emphasis later found its 
scientific development in the kinetic studies of VAN Hoox*!, DuNNING*? 
and others. 

Irrespective of the relative merits of the various theories of molasses 
formation a study of molasses should be of interest from the point of view 
of the phase rule. There is no doubt that molasses is frequently saturated 
with respect to a second solute as VAN DER LINDEN suggested. Examples of 
such include the identification of such crystalline substances as gypsum 
(CaSO,.2H,O), potassium chloride** or calcium aconitate*4, but there is no 
evidence that under the circumstances of their appearance they have of 
themselves limited the crystallisation of sucrose. On the other hand, there is 
no doubt that sucrose will, at least occasionally, form double compounds 
with inorganic salts*1, 32. But the fact remains that no one has yet been 
successful in crystallising a double compound of sucrose from either sugar 
beet or sugar cane molasses. We must also not overlook the importance of 
the time factor in these investigations as those double compounds of sucrose 
which have been crystallised required a very long period for successful 
achievement. KoirHorF®® drew attention to this weakness in the work of 
HELDERMAN. Also there is no doubt from the work of Van Hoox® and 
others that the rate of crystallisation of sucrose can be appreciably reduced 
by the presence of other solutes, and under certain conditions it may be 
very difficult to be certain that equilibrium conditions have been established. 

At the time when VAN DER LINDEN and HELDERMAN were discussing the 
application of phase rule considerations they were appreciably limited by 
the amount of factual information available. 

The phase rule was first enunciated by Gress in 1874 when he defined 
conditions of equilibrium in a heterogeneous system as a relation between 
the number of phases and the components of the system. Although a phase 
must be physically homogeneous, it need not be chemically simple. The 
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compounds of a system are defined as the smallest number of independently 
variable constituents by means of which the composition of each phase 
participating in the state of equilibrium can be defined. 

In the process of crystallising sucrose we are interested in a “phase reac- 
tion’. The process of evaporation is also a phase reaction which indirectly 
influences the crystallising process. Under conditions of evaporation in a 
vacuum pan at a particular vacuum we have for a substantial period during 
the boiling of a strike, conditions of almost isothermal crystallisation. As 
boiling continues in the final stages of the process the temperature rises by 
an amount equivalent to the change in boiling point elevation brought 
about by increasing the total concentration of dissolved solids. In the 
crystallisers on the other hand crystallisation is polythermal with falling 
temperature conditions and also reheating but the total water concentration 
remains constant unless dilution is practised. 

In order to obtain the best understanding of behaviour of molasses, which 
we know is a very complex multicomponent system, it is preferred to build. 
up gradually from systems of minimum complexity. In this study the 
system water — sucrose is worth a primary consideration. This is tantamount 
to studying the solubility of sucrose in water, a subject which is not strictly 
within the scope of the present chapter, but one which cannot be avoided 
completely as we are not able to express solubility coefficients or saturation 
coefficients accurately unless we have satisfactory basic reference figures for 
calculation purposes. 

Unfortunately there is a diversity of information concerning the solubility 
of sucrose in water from the earliest data of FLouRENs (1876) and HERzFELD 
(1892) to the most recent of Tayztor (1947) and of Wisz and NicHOoLson 
(1955). The information to 1940 has been summarised by KasyaNov?® and 
tabulated by the U.S. Bureau or Sranparps?®, Values from 0° C to 144° C 
have been set out by HrrscumMtuer!. 

There have been two general endeavours to express the solubilities 
mathematically by means of algebraical expressions. The type most commen- 
ly favoured summarises the results of HERZFELD, TAYLOR and of WisE and 
NIcHOLson in equations (2), (3), and (4). Recently Vavrinecz3? has review- 
ed existing solubility data and found that equation (5) fits these to yield a 
figure with an error of + 0.094, 


C = 64.18 + 0.1344 + 0.0005317 (2) 
C = 63.608 + 0.1322¢ + 0.00072272 (3) 
C = 62.77 + 0.1706¢ + 0.00034472 (4) 
C = 64.47 + 0.10336 + 0.001424/2 — 0,00000602073 (5) 


where 
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Cc 
t 


saturation concentration (g sucrose/100 g of solution) 
centigrade saturation temperature. 


Grut‘*’, however, when examining impure solutions of sucrose, molasses 
and solutions of pure sucrose itself found that he could express solubility 
of sucrose in the general manner illustrated by equation (6). 


e = a(b —?) (6) 
where 


e = g H,O/100 g sucrose 
¢ = centigrade saturation temperature 
a and b = constants characteristic of the system. 


For pure sucrose solutions he found a = 0.3901 and b = 147.47. 

When considering either of these two forms of equations there is a strong 
temptation to extrapolate to conditions beyond those covered by the 
investigation. This especially applies, for example, to determining what 
might be termed the ‘apparent melting point’ of sucrose. This may be done 
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Fig. 2/10. Solubility-temperature relation in the sucrose-water system. 
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from the first set of equations by making C = 100, or from the Grut type 
of equation by making e = 0. WisE and NicHoxson? have drawn attention 
to difficulties which might be experienced in doing this with expectation 
of an accurate result. At first sight the extrapolation from 80% to 100% of 
concentration appears to be not unreasonable. However, a concentration 
of 80% sucrose corresponds to a mole fraction of sucrose of about 0.17. To 
obtain the melting-point it is necessary to extrapolate to a mole fraction of 
1.00. 

In Fig. 2/10 the results of as wide a range as possible of sucrose solubility 
data have been plotted on a molar basis giving us what amounts to a phase 
equilibrium diagram for the system from one mole of water at the left hand 
end of the abscissa through all proportions of the two substances to one 
mole of sucrose at the right hand end. For the convenience of comparison, 
Fig. 2/11 has been drawn with the temperature-solubility curve for sucrose 
expressed as g/100 g solution. Recently Vavrinecz?® has also reviewed the 
literature and prepared a phase diagram from —30° C up to the melting- 
point of sucrose. 
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Solution 





ie) 20 40 60 80 100 
Sucrose % Solution 


Fig. 2/11. Solubility-temperature relation in the sucrose-water system 
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For data at the low temperature end, use has been made of the work of 
YounG and Jones®® who studied the crystallisation of sucrose hydrates. 
The diagram as illustrated here is very much simplified showing only a 
single eutectic between ice and sucrose, whereas two hydrated crystalline 
phases of sucrose were definitely identified (xix. the hemiheptahydrate and 

hemipentahydrate) and possibly six other phases. In actual fact the simple 
eutectic was never really obtained experimentally, but is perhaps a justi- 
fable simplification for the present considerations. Inthe higher temperature 
range of their experiments (10-40° C) the data of YounG and JonEs merge 
more smoothly into the data of HERZFELD, with the values for Wisr and 
NiIcHOLsoN showing the greatest divergence. Over the temperature range 
from 30° to 80° C the differences are not great. At the high temperature end 
(z.e. temperatures above 100° C), BENRATH®! is the only worker who has 
ventured far into this region. He has, however, had fairly wide experience 
in the study of solubilities of inorganic and organic solutes in water at 
temperatures above 100° C, and his results should be considered seriously. 
At the low temperature end of BENRATH’s results values merge with those 
of FLourens at 100° C with HerzFeLp and Grut showing higher solubility 
values. 

By including conditions up to the highest saturation temperature recorded 
by Benratu (144° C for 94% sucrose solution) the range of data is more 
than double that mentioned by Wisrk and NrcHoLson in terms of mole 
fractions. Thus data are shown to cover the mole fraction range for sucrose 
from 0 to 0.38. The extrapolation to the melting point of sucrose at m.f. = 
1.0 is still a long one, but is nevertheless quite smooth in character to a 
figure of 188° C. 

There is a diversity of information recorded in the literature, particularly 
in handbooks of organic chemistry, concerning the melting point of sucrose. 
This subject was reviewed by Suan and CHAKRADEO** who reached the 
conclusion after a number of investigations that the numerous references 
to a m.p. of 160° C were in error and that in fact a figure of 188° C could be 
obtained quite readily and with very satisfactory reproducibility using 
suctose suitably purified by recrystallisation from alcohol. The phase 
diagram when plotted on a molar basis completely substantiates these 
views, and calculations of m.p. from the solubility formulae quoted which 
give much lower values are misleading. It would, however, not be without 
interest actually to measure saturation temperatures for mole fraction 
between 0.38 and 1.0, but there would be quite appreciable technical 
difficulties as the range corresponds to sucrose containing less than 6% of 
water by weight in the water — sucrose mixture. 
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Grur?’ extended the application of his method of mathematical treatment 
to samples of beet molasses. He found that as the purity decreased the con- 
stant a increased in value, whereas ) decreased. The fall in value of b with 
decreasing purity was consistent with the interpretation that b might 
represent the melting point of the solute, in that the melting point of 
impure sucrose would be expected to decrease progressively with increasing 
amount of impurity until eutectic conditions might be reached. Grur also 
found that the product ab was practically constant irrespective of purity. 
When this is the case then the effects of the impurity on the solubility 
becomes less and at ¢ = 0 the solubility coefficient differs little from unity 
even for a 60% purity molasses. 

Kewiy has found the equation of Grur to be generally applicable to a 
wide variety of synthetic solutions and also to samples of sugar cane 
molasses at least over the temperature range 30-70° C. The results of 
HERZFELD, TAYLOR and of WisrE and NICHOLSON can also be cast into this 
form and very satisfactory straight line relationships indicated. However, 
Ketty has by no means observed constancy of value for the product ‘ab’. 
It is considered unlikely that solubility coefficient would invariably be 
unity at ¢ = 0, especially in view of the great complexity of the system when 
sundry hydrated phases may appear. 


TABLE 3 


CONSTANTS @ AND b IN GRUT EQUATION: ¢ = a(b — +), WHERE ¢ = H,0/100 sucrosE AND 
¢ = TEMPERATURE °C 





Substance a b ab 
Sucrose (Grur) 0.3901 147.47 te, 
(HERZFELD) 2353 158.55 2.70 
(TAYLor) 0.40 147.25 58.90 
(Wisk and NicHo.son) 0.396 148.07 58.63 
Glucose (20-50° C) 220 67.7 153 
(50-90° C) 0.519 124.5 64.6 
Fructose 0.375 89.0 33.4 
Cane molasses 
75 purity, type 1 0.443 149 66 
75 purity, type 2 0.453 144 65.3 
75 purity, type 3 0.522 121 63.3 
75 purity, type 4 0.507 135 68.5 
50 purity, type 1 0.739 ay aa.9 
50 purity, type 2 0.58 124 72.0 
50 purity, type 3 0.825 109 90.0 
50 purity, type 4 0.87 96 83.2 
_ 40 purity, type 1 0.95 120 BRS 
Sucrose + fructose (60 + 40) 0.33 140 46 
Sucrose + fructose + glucose (60 + 20 + 20) O57 130 74.7 
Sucrose + KCI (90 + 10) 0.42 136 57.5 
Sucrose + NaCl (90 + 10) 0.50 126 62.7 


ee 


Bibliography p. 110-112 


6 PHASE RULE AND EQUILIBRIUM DIAGRAMS LE 


The constants a and b in the Grur equation have been calculated for a 
number of different conditions and these are summarised in Table 3. It 
should be borne in mind that care should be exercised when extrapolating 
beyond the limits of temperature conditions actually employed to derive the 
results. As a matter of interest the solubilities of glucose and fructose as 
recotded by the U.S. Nationa BurEAu oF STANDARDS!8 have also been 
cast in this form. 

Throwing the solubility relationships into the form which Grur has used 
is equivalent to saying that if solute concentrations at saturation are express- 
ed as molalities (g moles/1000 g water) then the reciprocal of these molalities 
is inversely related to the absolute temperature. This may be expressed 
mathematically as in equation (7). 


1 
i Teen Ce a? (7) 


In the case of sucrose equation (8) fits HERZFELD’s results over the range 
0-100° C. 
834 


— = 432 —T 8 
M (8) 


This general relationship (7) appears to fit a number of non-polar organic 
solutes in water and also some salts such as potassium and sodium acetates, 
but does not fit inorganic salts which show marked and variable curvature 
for graphs plotted on this basis. 

If we put equation (7) in the general form of equation (9) 


1 
ee Y) (9) 


then the constant x may be obtained by multiplying the Grur constant a by 
the molecular weight of the solute and by 10~°; and the constant y by 
adding 273.1 to the Grut constant b. 

When we add a third component to the water-sucrose system it is most 
convenient to represent the phase relationships graphically with the aid of 
tri-linear coordinates in an equilateral triangle. In a graph of this type the 
sum of the three components is unity (or 100) at all times and then relative 
proportions are plotted appropriately in the triangle. Each of the three 
corners represents a pure component, the compositions of mixtures of any 
combination of two components are represented along the three sides of the 
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triangle, and mixtures of three components are represented within the 
area of the triangle. There are two types of diagrams which we may consider 
(a) an isothermal diagram 7.e. solubility conditions are at one particular 
temperature or (b) a polythermal diagram setting out conditions over a 
range of temperatures which for completeness would extend to the melting 
points of each of the three components. 

The relative proportions of the three components may be expressed in 
terms of weight percentages with the total in each case being unity or a 
convenient multiple such as 100. Or they may be expressed on a molar 
basis representing the mole fraction of each component throughout the 
diagram. Any combination of the three components may then be represent- 
ed by a point in the triangle. The distance from the point to any side 
(measured parallel to either of the others) gives the proportion of the 
component represented at the opposite corner. If a line is drawn through 
any corner to a point on the opposite side, then all points on this line rep- 
tesent a constant ratio of the other two components with a changing 
amount of the component represented at the particular corner concerned. 
Also a line parallel to one of the sides represents a constant proportion of 
one component with variable amounts of the others. 

As a simple example we can consider the system water-sucrose with 
potassium chloride as the third component. Double compound formation 
has not been identified in this system and the phase relationships have been 
worked out? at a temperature of 30° C for the full range of solute pro- 
portions. 

Water 
A 


Va 


B 
Sucrose KCI 


Fig. 2/12. System water-sucrose-KCl. 
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These are illustrated in Fig. 2/12 with the solvent — water at the apex of 
the triangle A, pure sucrose represented at the left hand end of the base B 
and pure potassium chloride at the right hand end of the base C. Point X 
represents the proportions of sucrose to water (vx. AX: XB) at the 
saturation temperature of 30° C, z.e. the solubility of sucrose in water. The 
point Z represents the solubility of potassium chloride in water at 30° C, 
the relative proportions of solute to solvent being AZ : ZC. Point Y within 
the triangle represents the composition of solution which is saturated with 
both solutes. This is spoken of as the ternary point of the system at which 
three phases are in equilibrium and is a point of fixed composition at the 
stated temperature. Any point along the line XY represents solution 
saturated with respect to sucrose and any point along ZY represents solution 
saturated with respect to potassium chloride. Any point within the area 
XYB represents the composition of solution which would be oversaturated 
with respect to sucrose or which would be a mixture of solution and 
crystalline sucrose. Similarly within the area YZC the composition is that of 
solution oversaturated with respect to potassium chloride or a mixture of 
solution and crystalline potassium chloride. Any point within the area 
AXYZ represents solution which is undersaturated with respect to either 
of the two solutes, and in the area BYC both solutes saturate the solution 
and crystals of each are also present unless a condition of supersaturation 
temporarily prevails. 

A diagram of this type is suitable for the consideration of conditions of 
isothermal evaporation, but not for polythermal crystallisation. If for exam- 
ple we have solution of composition corresponding to point P, and carry 
out evaporation then the composition of the solution will change along an 
extrapolation of line AP,. Evaporation will continue until the composition 
reaches that corresponding to the intersection of extrapolated AP, with 
XY, and we can call this point Q,. When the composition reaches Q,, 
conditions satisfactory for the crystallisation of sucrose have been reached. 
If evaportation is continued and crystallisation is maintained then the 
composition of the system will continue to change along the line O, 8, but 
the liquid phase will change in composition along the saturation line O,Y. 
When the composition of the liquid phase reaches Y then the solution will 
also be saturated with respect to potassium chloride, and sucrose can no 
longer be crystallised in the pure form. If the composition of the original 
solution had been represented at P, then as the result of evaporation it 
would change along the line P,Q,. On reaching Q, crystallisation would 
commence, but this time it would be potassium chloride which would 


crystallise and not sucrose. 


Bibliography p. 110-112 


98 SUCROSE IN IMPURE SOLUTIONS CH. 2 


If we replaced potassium chloride with a hypothetical substance (7) 
which would form a hydrated double compound with sucrose (say 
C,,H_.0,,.T.2H,O), and if this substance had a similar solubility and 
molecular weight to potassium chloride we would expect to obtain a phase 
equilibrium diagram similar to that shown in Fig. 2/13. 






Solution 


S+Soln: 


C 
- 


Sucrose 


Fig. 2/13. Effect of compound formation on equilibrium relationships. 


In this case the composition of the double compound would be represented 
by point V and there would be two ternary points Y and W, and Y would 
be at a rather higher ‘purity’ with respect to sucrose than in the case illus- 
trated in Fig. 2/12. Thus double compound formation would result in the 
cessation of crystallisation of sucrose in its pure form at an earlier stage 
than if double compound formation were absent, but this is not related to 
salting-in or salting-out behaviour which PRINSEN-GEERLIGS22 considered 
an important criterion of double compound formation. The purity at the 
ternary point with respect to one of the solutes does, however, vary con- 
sistently with change in solubility of the second solute, Thus if the 
solubility of the second solute is higher, then point Z will be closer to the 
corner C’ in Fig. 2/13 and the Proportion of C to B at point Y will be 
increased i.e, the purity will be lower with tespect to solute B (in this 
case sucrose). An example of this is illustrated in Fig. 2/16d in the system 
water — sucrose — fructose, where fructose is a solute of high solubility. 
On the other hand, if solute C has a low solubility then the solution will 
soon be saturated with respect to this substance when evaporation is 
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performed and a ternary point of high purity is obtained. This is also of 
interest in the event of double compound formation in that a ternary point 
would then be established between sucrose and the sucrose double com- 
pound. If this sucrose double compound has a low solubility then the 
ternary point will appear at a higher purity relative to free sucrose than if 
the solubility of the double compound is high. Low solubility of the double 
compound is the case for the double compound with sodium iodide as 
reported by Grix*! which is the only one of the double compounds with the 
alkali halides for which any solubility data is available. 

The triangular diagram has certain limitations when dealing with solubili- 
ty characteristics in a system containing a solute of very low solubility and 
one of reasonably high solubility. Such conditions are of frequent interest in 
sugar boiling when syrups become saturated with respect to calcium 
sulphate and gypsum (CaSO,.2H,0) crystallises?4, In Fig. 2/14 is illustrated 
a convenient means for representing the system water — sucrose — calcium 
sulphate, using solubility figures for CaSO, in sucrose solution determined 
by SroLiE5*. The use of this type of diagram as an extension of the JANECKE 
principle has been described by Ketiy®4 for this particular system. 


CaS0O4*2H20 CaSO4 * 2H20 
+Sucrose 


100 CaSO4/(Sucrose + HO) 





100 sucrose/(Sucrose + H20) 


Fig. 2/14. System CaSO,-sucrose-H,O; /. Chem. Educ. 31 (1954) 637. 


Solution of composition E would, on evaporation, change in composition 
along line EF in a direction away from 0 or point representing pure water. 
At point F, crystallisation of gypsum will commence, and composition of 
liquid phase will change along the line FB. At point B sucrose will also 
crystallise and a mixture of sucrose plus 640 p.p.m. of CaSO, as the dihy- 
drate will continue to crystallise until evaporation is complete. Only 
solutions with a composition below the line OB will allow any sucrose free 
from gypsum to crystallise. For example, a solution with composition 
represented by point G would, on evaporation, change composition along 
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line GH. At point H sucrose free from CaSO, would crystallise and continue 
to do so with the composition of the liquid phase changing from 7 to B 
when gypsum begins to crystallise. This diagram gives an indication of the 
difficulty of obtaining pure sucrose by crystallisation if a second solute of 
low solubility is present. No amount of washing during the centrifuging 
process will improve the purity of the sucrose unless a higher purity of 
molasses is tolerated. There may appear to be a temporary improvement, 
but if the process is continued long enough equilibrium will soon be reached 
and double crystallisation continue. In these circumstances it is necessary 
to remove the solute of low solubility by some means other than crystal- 
lisation, ¢.g. adsorption, and this of course is done in refinery practice. 
Similar comment might be made when saturating conditions are obtained 
with solutes of higher solubility such as potassium sulphate or potassium 
chloride. It is necessary to remove these substances by ion exchange or 
other suitable techniques if the maximum benefit is to be obtained from 
sucrose crystallisation. 

As has already been mentioned crystallisation of sucrose associated with 
change of temperature is also of considerable technical importance. For 
these conditions a polythermal diagram is required. Unfortunately no three 
component systems have been worked out completely over the full range 
of temperatures, but sufficient is known of some of the two-component 
systems to get a first approximation of the conditions to be expected in a 
three component system. This is done for the system which is believed to be 





E 
Sucrose 160 166 170 180 200 KCl 


Fig. 2/15. Polythermal phase equilibrium diagram. 
Bibliography p. 110-112 


6 PHASE RULE AND EQUILIBRIUM DIAGRAMS 101 


the simplest viz. water — sucrose — potassium chloride. The substitution of 
fructose as the third component might have some advantages from the 
point of view of the discussion, but rather less is known of the two com- 
ponent systems in this case and the diagram used is preferred for the time 
being. This is shown in Fig. 2/15. Whereas in previous phase equilibrium 
diagrams the proportions of the respective components have been given on 
the basis of weight percentages, for the polythermal diagram molar pro- 
portions are used as these are considered to spread the high temperature 
conditions rather better. 

The solubility of potassium chloride in water is recorded®® from —2.24° to 
454° C, with a eutectic at —10.72° C at 0.057 mole fraction of potassium 
chloride. Eutectics of this type, involving water and a solution are often 
referred to as cryohydric conditions. With sucrose having a melting point 
of 188° C and potassium chloride 790° C a eutectic may be expected with a 
relatively high mole fraction of sucrose and a temperature perhaps 20° C 
below the melting point of sucrose. Some mixed melting point tests made 
by Kexiy5* indicated a eutectic at 0.876 mole fraction of sucrose and a 
temperature of 166° C. The probable isotherms for Fig. 2/16 were plotted 
from these data. If we had built a space model then the isotherms would be 
contour lines on the surface of a vertical prism, with a ‘valley’ generally 
relating the three binary eutectics and a ternary eutectic — or quaternary 
point of the system being located somewhere near the low temperature 
binary eutectics. VAN DER LINDEN®® gave special consideration to relation- 
ships between eutectic conditions and the formation of molasses. 

From information which is now available it may be said that the eutectic 
coinciding with the invariant point of the system is probably at a much 
lower concentration of total solids than that normally experienced with 
molasses. However, if the molasses is saturated with respect to a solute 
other than sucrose then the composition will be at a ternary point of a three 
component system for a particular temperature. By changing the temper- 
ature the relative temperature coefficients of the solubility of the two solutes 
may result in a further yield of pure sucrose, but within the temperature 
range available for practical purposes advantages to be gained from a 
change in processing will be very limited indeed from this point of view. 
There may, however, be other benefits to be gained from a change in 
operating temperature. . 

It is possible to ‘break-down’ molasses into a number of three component 
systems and to consider phase equilibrium conditions in these systems 
individually. In Fig. 2/16 are recorded six of these diagrams? °° at,.2° 
which contain as their third component one of the constituents of molasses. 
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In Figs. 2/12 and 2/14 are two other systems which could quite well be 
associated with those in Fig. 2/16. 





Figure System 

2/16a water-sucrose-NaCl 
2/16b water-sucrose-K SO, 
2/16c water-sucrose-glucose 
2/16d water-sucrose-fructose 
2/16e water-sucrose-rafiinose 
2/16f water-fructose-glucose 





Water 





BW 


Sucrose Nacl 


Fig. 2/16a. System water-sucrose-NaCl at 30° C; J. Appl. Chem. London 4 (1954) 401. 


Water 







Ka SO4+ Solution 


Sucr+Soin. 







Sucrose + K2SO4 


Sucrose K>S0 
2 3 


Fig. 2/16b. System water-sucrose-K,SO, at 30° C, 
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There is also now available information at 30° C concerning the phase 
equilibrium conditions of several four component systems which are of 
interest when studying molasses. The graphical delineation of a four 
component system presents certain difficulties by way of geometry. Some 
workers prefer perspective views of space models, and others various 
projections of surfaces within these models. Here it is preferred to use the 
basal projection of a vertical triangular prism, with the three solute com- 
ponents represented at the corners of the triangle and the solvent expressed 
as units/100 units of total solute. The shape of the surface of the prism can 
be represented by contour lines of equal solvent concentration and in this 
case as the solvent is water, may be referred to as isohydrores**. 


Water 


Glucose 
monohydrate 


Sucrose Glucose 


Fig. 2/16c. System water-sucrose-glucose at 30° C; J. Appl. Chem. London 4 (1954) 405. 


Water 


Sucrose Fructose 


Fig. 2/16d. System water-sucrose-fructose at 30° C; J. Appl. Chem. London 4 (1954) 405. 
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Raffinose Sucrose 


Fig. 2/16e. System sucrose-raffinose-water at 25° C and 64° C; Ann. Chim., Rome 44 
(1954) 797. 


Water 


Glucose 
monohydrate 


Glucose Fructose 


Fig. 2/16f. System water-glucose-fructose at 30° C; J. Appl. Chem. London 4 (1954) 409. 


In Fig. 2/17 are recorded four of these diagrams", 25, 57, Ty (a), (c) and 
(d) it is interesting to note the influence of the hydration of glucose. Al- 





Figure System 

2/17a water-sucrose-K Cl-glucose 
2/17b water-sucrose-K Cl-fructose 
2/17c water-sucrose-glucose-fructose 
2/17d water-KCl-glucose-fructose 
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Sucrose 
AR45.6 












Solid phase 
= Sucrose  g 
° 


Metastable 
anhydrous 
glucose 


Solid phase 
/ 
= Glucose mono - 
hydrate 
Be Nc 
83.1 E 270 
Glucose KCI 


Fig. 2/17a. Equilibrium-phase relationships for the quaternary system sucrose-glucose- 
KCl-water; J. App/. Chem. London 5 (1955) 69. 


Sucrose 
A 245.6 


ips 






Solid phase 
=Fructose bd 


/\ 


B 227 E 270 
Fructose KCl 


Fig. 2/17b. Equilibrium-phase relationships for the quaternary system sucrose-fructose- 
KCl-water; J. Appl. Chem. London 5 (1955) 66. 


though glucose normally crystallises as the monohydrate at a temperature 
of 30° C, the anhydrous form can be a stable phase in the presence of 
solution containing fructose. This was also observed in the three component 
system of water — glucose — fructose as shown in Fig. 2/16f. . 
When considering sugar cane molasses, diagram (c) of Fig. 2/17 will 
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probably be the most useful of the four component systems. Owing 
to the lower solubility of glucose than fructose the molasses would become 
saturated with respect to glucose before fructose if the two reducing sugars 


Sucrose 
RA 





Fructose Glucose 


Fig. 2/17c. Equilibrium-phase relationships at 30° C for the system sucrose-fructose- 
glucose-water; J. Appl. Chem. London 5 (1955) 120. 


Glucose 
A 





Fructose KCI 


Big 2/170. Equilibrium-phase relationshi “ 
t ps at 30° C for the system gl -f - 
KCl-water; J. Appl. Chem. London 5 (1955) 123. i 


are present in equal proportions. This would appear to be the case for the 
average’ Louisiana molasses the composition of which is quoted in detail 
by SPENCER and MEADE®8, There are, however, indications that the two 
reducing sugars are not always present in equal proportions and an excess 
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of fructose has been reported from some samples of Queensland molasses*® 
which could occasionally be sufficient for this to be controlling rather than 
glucose. Studies in Java indicated conditions of this type to be more 
usually associated with immaturity of cane. 

Diagram (a) or (b) of Fig. 2/17 would be the most suitable for the study 
of a molasses of the type reported from Hawaii in which crystalline potassium 
chloride has been recognised together with sucrose®. 

In order to complete the information which is at present available by 
way of phase equilibrium diagrams of the systems containing sucrose, one 
set of conditions for the five component system water — sucrose — glucose — 
fructose — potassium chloride®® is illustrated in Fig. 2/18. 


Sucrose +KCl 
A 





Fructose + KCI Glucose +KCl 


Fig. 2/18. Equilibrium-phase relationships at 30° C for the system sucrose-fructose- 

glucose-KCl-water. — = Solutions saturated with three solutes; — -— = Isohydrores ; 

~_ — Potassium chloride isopleths; — - - — = Solutions of highest solute concentration. 
J. Appl. Chem. London 5 (1955) 170. 


This diagram indicates conditions when the solution is saturated with 
respect to potassium chloride and one other solute. The diagram is in effect 
a double basal projection of a triangular prism with two surfaces, one 
surface representing the variations in solvent concentration according to 
the height of the ordinate, and the other surface representing the variations 
in the concentration of potassium chloride. 

When considering the composition of molasses in relation to phase 
equilibrium conditions the concentration of specific impurities relative to 
the water content should be examined. If the specific impurity-water ratio 
is similar to or greater than the value for a solution saturated with this 


Bibliography p. 110-112 


108 SUCROSE IN IMPURE SOLUTIONS CH. 2 


impurity in water at the temperature conditions of interest, then no further 
suctose may be crystallised from the molasses unless the impurity also 
crystallises. The impurities likely to be of main interest from this point of 
view ate glucose, potassium chloride and potassium sulphate. If the im- 
purity-water ratio is significantly less than for the solubility of the pure 
substance then it may be concluded either that more sucrose will crystallise 
if given the opportunity or some other substance is pteventing crystalli- 
sation. Ketiy®’ has studied molasses in this manner and prepared syn- 
thetic solutions containing sucrose, fructose, glucose and potassium 
chloride in proportions experienced in the molasses itself. These synthetic 
molasses mixtures have shown quite clearly in the majority of cases that the 
composition does not approach conditions of saturation with respect to 
fructose, glucose or potassium chloride. In these circumstances suctose will 
continue to crystallise quite readily, and as might be expected from reference 
to the appropriate phase equilibrium diagram. It is evident that double salt 
formation at least between one or other of these three particular solutes and 
sucrose is not a factor in restricting sucrose crystallisation. Additions to the 
synthetic system of a further single component of a type experienced in 
molasses have been tried and it was found that aspartic acid, for example, 
has quite a definite inhibiting influence on the crystallisation of sucrose. 
The possibility of other substances ot combinations thereof behaving in a 
similar manner could be readily examined in this way. 


7. Ternary Systems with Two Liquid Phase Solutes 


The solubility of sucrose has been determined in several systems which are 
mixtures in varying proportions of water and an organic liquid solvent 
which is miscible with water. Htrscumii.tEer has recorded the solubility of 





TABLE 4 
SOLUBILITY OF SUCROSE IN AQUEOUS ETHANOL* 
_Alcohol Sucrose in g/per 100 ml 
in vol. % of solution 
2520 % healt 6 = be 
20 78.5 89.26 93.0 
35 62.8 77.05 81.38 
50 52.8 60.25 64.50 
65 <j 35.79 41.17 
80 953 16.26 23.92 
95 0.17 0.76 


ae , sai 
Nedra seal Hontc, Principles of Sugar T. echnology, Vol. I, Elsevier Publishing Co., 
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sucrose in mixtures of water and ethyl alcohol. These values were obtained 
by SCHREFELD®® at 14° C. More recently information on this system has 
been extended by REsBER®! at 25° C and Rossr® at 30° and 35° C. Values 
from the results of REBER and Rossi are recorded in Table 4. 

In Table 5 are solubility values at 25° C for sucrose in aqueous solutions of 
glycerol and propylene glycol. These results were published by Fey, Wem 
and Secur®*. 











TABLE 5 
SOLUBILITY OF SUCROSE IN AQUEOUS GLYCEROL AND PROPYLENE GLYCOL AT 25° C 
% Sucrose in % Sucrose in 
Glycerol solution % Glycol solution % 
in solvent by weight in solvent by weight 
0 67.89 0 67.89 
Ye 59.4 25 58.8 
50 44.8 50 42.7 
75 25.4 62 aoe 
82.5 20.0 75 21.8 
95 a9 95 4.5 
99.96 5.7 99 4 


ET 


It would appear that sucrose is slightly soluble in glycerol itself and to a 
lesser extent in propylene glycol. It is for all practical purposes insoluble in 
anhydrous ethanol and also in such solvents as benzene. 

Advantage is taken of the low solubility of sucrose in aqueous ethanol 
solutions to prepare sucrose of high purity by virtually effecting precipi- 
tation. As the particle size of sucrose precipitated in this manner is €X- 
tremely small it has found some application as seed crystal during the 
graining process of sugar boiling®*. 

Aqueous glycerol and propylene glycol solutions are mainly of interest 
for pharmaceutical preparations. However, because of the high viscosity 
of glycerol it is useful as a medium for the dispersion of sucrose crystals 
when making microscopic observations. 

Any one of these solutions may be used at suitable concentrations for the 
removal of crystal sucrose from aqueous mothet liquors, but care must be 
exercised in developing a technique suited to the particular circumstances. 

The solubility of sucrose in aqueous acetone solutions at 30° C has been 
studied by VerHAAR®®, He has shown that at this temperature two liquid 
phases can exist in equilibrium over the concentration range intermediate 
between aqueous solutions containing up to 36.5 parts of acetone/hundred 
of solvent and acetone solutions containing up to 20.6 parts of water/hun- 
dred of solvent (Fig. 2/19). Herz and Kocn®® had previously observed 
somewhat similar behaviour in their study of the system at 25°C, 
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For solutions of sucrose in methanol there seems to be only data recorded 
toward the end of last century. SCHEIBLER®? gives 3.43 and 0.44 g sucrose/ 
100 ml for solubility of sucrose in 83.5°% and 92.5°/ methanol respectively. 
Linver®® found the solubility in pure methanol to be 0.49 g/100 ml 
although no temperature is recorded. 


Sucrose 


Water Acetone 


Fig. 2/19. Phase-equilibrium diagram at 30° C for Sucrose-water-acetone (VERHAAR). 


Losry DE Bruyn®® records a much higher value with 100 parts of metha- 
nol dissolving 1.18 parts of sucrose at 19° C. The values of LinpET®8 are 
approximately in agreement with those of GuNNING”0 who found at 15° C 
only 0.3 g sucrose to dissolve in 100 ml of pure methanol. At the same 
temperature he found 3.8 g sucrose to dissolve in 100 ml of 80% methanol, 
falling to 0.60 and 0.45 for 90% and 95°% methanol respectively. Hoiry71 
reported sucrose to be soluble in pyridine to the extent of 6.45 g/100 g of 
solution at 26° C. 
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CHAPTERS 


NUCLEATION IN SUPERSATURATED SUCROSE 
SOLUTIONS 


ANDREW VANHooK 
Professor of Chemistry, College of the Holy Cross, Worcester, Mass. (U.S.A.) 


1. Introduction 


The rate of adjustment of a metastable, homogeneous melt or solution is 
prescribed by the consecutive acts of nuclei formation and growth. The 
procreating nuclei (a) may already exist latently in the undercooled melt or 
undersaturated solution and merely require activation by cooling below 
the transition point; (b) may be generated spontaneously as the equilibrium 
point is exceeded; (c) may consist of fortuitous contaminating particles; or 
(d) may be substances added as seeds which stimulate the change to the 
stable configuration of the system. The first possibility explains many of the 
anomalous and peculiar effects of history and treatment of the sample on 
the rate of phase transition. Most nucleation theories to date regard the 
spontaneous adjustment of supercooled systems as being essentially homo- 
geneous in nature, as exemplifying (b); although the quantitative signifi- 
cance of variations (a) and (c) have been considered!. Such considerations 
suggest that nucleation by process (c) entails more than the mere presence 
of the potentially effective foreign particle? **. Treatment (d) almost 
invariably leads to prompt and complete equilibration of the initially 
metastable system, although Bunn‘ has suggested the intriguing possibility 
that a perfect crystal may not grow at all when placed in appropriate 
nutrient solution. Dislocations or imperfections would be necessary to 
initiate growth. Of course, these are ever present in real crystals. 

The current trend in sugar boiling practice is definitely toward the use 
of full seeding methods for graining. There are tantamount to case (d) above; 
which immediately suggests that for practical purposes nucleation con- 
siderations may be circumvented. However, this trend is by no means 
completely consummated, and methods of ‘boiling to grain’ and ‘shock 
seeding’ are still emphasized in various sugar houses. These invoke the 
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operation of factor (a), (b) and (c) of the above classification. In some re- 
spects growth is also merely the extension of nucleation, and most modern 
theories of crystal growth require some form of nucleation, even upon an 
established base of crystallizing material. 

The importance of the mechanism of nucleation is therefore doubly 
emphasized, and the following discussion will consider the adjustment of 
supersaturated sugar solutions in terms of both this initiating step and the 
subsequent growth. 


2. General. Nucleation and Growth 


The commonness of supercooling, supersaturation, and metastable phe- 
nomena in general is apparent from such ordinary examples as the failure 
of many melts to solidify upon cooling, the occasional ‘sugaring’ of honey 
and molasses, etc. Water may be cooled rather readily several degrees below 
its freezing point without solidifying®. Numerous cases have been reported 
when even large lakes have supercooled appreciably. Ordinary glycerine 
has a melting point of 18° C, yet it rarely solidifies in the wintertime when 
temperatures far below this point prevail. 

Experience indicates that many of these suspended states adjust themselves 
to the proper condition once the change is instigated by a proper stimulus or 
disturbance. However, there are exceptions to this generalization. Witness 
the case of glass — believed by many to be a supercooled liquid, yet in which 
vitrification proceeds very, very slowly even when seeded. 

TAMMANN® described much of the above in a phenomenological way by 
means of his rate of nucleation (K.Z.) and crystallization velocity (K.G.) 
curves. Both these curves exhibit maxima with respect to increasing super- 
cooling- the former (K.Z.) being much sharper than the latter (K.G.) 

The intercept in Fig. 3/1 expresses the well known tendency of unseeded 


K.2, 





Supercooling Supercooling 


Fig. 3/1. TAMMANN curves. A: nucleation number, B: growth rate. 
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melts and solutions to supercool and supersaturate, respectively, a definite 
extent before crystallization sets in. This period, in the case of solutions, is 
the ‘metastable limit’ or ‘supersolubility’? of OsrwaLp’. Mrrrs® was able 
to express these values quite definitely for a number of substances as illu- 
strated in Fig. 3/2. Within the metastable region of Fig. 3/2 a crystal seed 
will grow but none will form 
spontaneously from clear and qui- 
escent solution or melt. However, 
beyond the supersolubility point 
crystals will form spontaneously 
and, of course, proceed to grow. = ry 
' ca - 3 “ Solubility 
The time limit implied in these - pavle egio” pres 
distinctions is more or less inde- Ce 
finite, and most workers in the Gndersaturated region 
field regard the supersolubility Temperature 
concept as being only qualitative. Fig. 3/2. Osrwaxp’s supersolubility concept. 
It is, nonetheless, very practical. 

One does not have to seek far for an explanation of the supersolubility 
limit. The increased vapor pressure of small droplets, and hence the en- 
hanced solubility of fine particles, is an established even though transitory 
reality. A nucleus formed in the metastable region is extremely small at 
the inception and will dissolve or melt rather than grow on account of the 
increased solution potential associated with its small size. As the metasta- 
bility increases, the size of the incipient crystal which can be tolerated by 
the solution decreases to a critical size where growth rather than dissolution 
prevails. This idea is elaborated in most modern theories of the nucleation 
process. 

In essence: The Grsps-THOMSON equation stipulates the following varia- 
tion of solubility with particle size: 







Supersolubility 
curve 
oe 
- 


°/o Na NO3 





, i dh __ 20M 
eos ueieee Lee, 
20M 

r* 





Riis LiL) 


Here P and L are the vapor pressure and solubility respectively of the 
particle of radius r, and the corresponding ordinary values are those of a 
plane surface of r = 00. o is the interfacial tension, d the density of the sepa- 
rating phase, and M its molecular weight. As usual, R is the gas constant 
and T the temperature. Now, it is sound kinetics to write 
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\ 


E act. 
K.Z. = B+ exp| — 
RT 





for the velocity of nucleation, K.Z. B is a constant of proportionality which 
is evaluable by modern theory. The energy of activation of the nucleation 
process, Fact, would, as a minimum, be the work required to form the 
critical nucleus, 7*. If this is taken to be a sphere 


16 x Mf? o3 
CEM ot bal Fe'gh 


4 
Fact. = 30s = 


This equation, which suggests that the work of nucleation is one-third the 
work of forming the surface of the nucleus, follows from the following 
considerations. The relation between the surface tension and the pressure 
difference across a curved surface may be developed by considering the 
transfer of an infinitesimal amount of the liquid entirely into surface. The 
net work done is equal to the product of the pressure difference within and 
without the curved surface, Z\p, and the volume transferred. This energy 
must equal that gained as surface free energy, viz.; 


(Ap) dv = odA 
Now, for a sphere 
v=‘/srr? and A=4rr 
dv = 4ar*drand dA = 8ardr 
Since dv/dA = r/2 and » = 1/4,rA 
it follows that 


The work of forming a nucleus is the net work of forming the surface 
and that needed to form the bulks of the particle; namely 


20 rA 


VW = W, — Wy = oA — (Ap =cA af 130A =4/,V, 


where S, the supersaturation, is written for P/p. ot L/L... It then follows 
that 





. 16 x M? o8 
KZ. = Boexp ( — 2 


3 d® R°T? In2S 


The curve tepresenting this equation is a vety steep one, and the first 
part of Fig. 3/14 reproduces it vety well. The maximum and subsequent 
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parts of the curves in Fig. 3/1 are probably due to the tremendous increase 
in viscosity as supercooling or supersaturation increase. The falling-off 





may be reproduced by adding a proper term for this effect, exp | = ah 


to the work expression®. This expression is confirmed by a wide variety 
of experiments* and accounts fairly well for the behavior of sugar solutions. 
The Voimer theory was first applied to this particular case by CAssEL and 
Lanpt?®, These considerations will be discussed in detail in the next section. 

The basic KEtvr1n equation has only recently been substantiated in an 
irrevocable way by LAMerR!. VaNHookx has also recently demonstrated 
its reality in sugar solutions!*. For this purpose very fine sugar powder 
was added to solutions which had previously been saturated with ordinary 
crystals. The transitory enhanced solubility of the fine crystals occasioned 
an immediate rise in the concentration, which soon subsided to the normal 
level as this excess crystallized on the larger particles (Fig. 3/3). 

The theory just outlined concurs with the general observation that 
homogeneous nucleation is generally a more difficult matter than subsequent 
gtowth. Other features of the nucleation process, but by no means all, are 


200 


Refractive index increment x010° 
re) 
oO 





Time in minutes 


Fig. 3/3. Change in the refractive index upon mixing excess sucrose crystals with pre- 

viously saturated solution. A: 30% by weight of fine crystals, B: 10% by weight of fine 

crystals, C: 30% by weight of coarse crystals, D: 10% by weight of coarse crystals. 
See.ret. 4%, 


also explicable by this theory or its corallaries. For instance; a maximum 
supercooling of 20-30° C, oran equivalent supersaturation, 1s quite common, 
and this is just about the right order of magnitude according to theoretical 
estimates. It is also common knowledge that stirring, mechanical shock, 
or various radiations augment nucleation. For example, most directions 
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for the quantitative precipitation of MgNH,PO, suggest that the sides of 
the container be scratched with a glass rod in order to induce crystallization. 
It is also rather easy to prepare highly supersaturated solutions of ordinary 
hypo, unless the solution is stirred. Likewise, it is possible to induce crystal 
formation in many substances that supercool readily by irradiation with 
sonic of supersonic irradiation, electromagnetic vibrations, electrostatic 
discharges, X-ray, etc. These agents are probably effective on account of 
their strong orienting influence; which acts to supplement and reinforce 
the fluctuations required to form a critical nucleus. 

If a melt or solution is filtered before supercooling it is frequently less 
prone to nucleate than when unclarified. This suggests the common occur- 
rence and strong influence of foreign nucleating particles such as dust, etc. 
Similarly, crystals form in the bottom portions of a sample and on the 
surface of the container. This may be due to the settling of a foreign particle, 
the effect of gravity, or possibly the influence of surface tension forces. 
If a substance is just melted before supercooling it is likely that it will 
sustain less supercooling than if the melting point had been exceeded by 
20-30° C; or, repeated melting will also frequently inctease the resistance 
to supercooling. This behavior has been ascribed by some early workers 
to the ‘memory capacity’ of the substance. The further from the transition 
point the treatment, the more the system ‘forgets’ the former stable con- 
figuration and becomes less apt to resume that state. It seems obvious that 
this behavior is either one of deactivation of foreign nuclei or the destruc- 
tion of the order-disorder which surrounds the transition point. 

Another common habit of liquids is that of supercooling to a greater 
extent in small samples than in large quantities. A few of TuRNBULL’s}3 
figures illustrate this behavior (Table 1). 


TABLE? 


SUPERCOOLING AND SIZE OF SAMPLE13 


Ee eee 


Maximum supercooling, °C 


large small 
sample sample 
Hg 14 46 
water 36.8 39 
Ga 55 76 
Sn 31 110 
Bi 30 90 


Here again it appears that the nucleation observed in macro-samples is more 
often than not induced by extraneous seeds. When the sample is separated 
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into smaller ones these foreign inoculants are isolated and the effect of true 
homogeneous nucleation is developed. 

It is often observed that minute amounts of impurities exert profound 
effects on the starting and growth of many crystals. Thus, even a trace of 
Pb*++ ion promotes the growth from solution of transparent cubes of 
ordinary salt in place of the transcluscent or opaque crystals usually obtained. 
WALKER! of the Bell Telephone Laboratories has observed a similar im- 
provement in quartz crystals when grown above the critical conditions 
from alkaline solutions containing small amounts of sodium oleate. SuzuKI!? 
claims similar benefits upon the addition of minute amounts of Mn and Co 
ions in sugar crystallization. These ‘mineralizing’ effects may be the result 
of differential adsorption of the impurity on the nucleus or growing crystal, 
or may be a manifestation of the strong influence of the o* term suggested 
by the above thermodynamic theory. The exact mechanism has not been 
worked out yet, and the explanation awaits theoretical understanding and 
practical exploitation. 


3. Nucleation Theory as Applied to Sugar Solutions 
(a) Supersolubility 


Large and unsymmetrical molecules are liable to undergo undercooling or 
supersaturation under ordinary circumstances while small and uniform 
molecules exhibit relatively little or no tendency to enter these metastable 
states!®, The behavior of a system in a metastable condition may be described 
effectively by means of the OstwaLD supersolubility curve. Fig. 3/4 tep- 
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Fig. 3/4. Approximate supersolubility diagram for sucrose. 
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resents this situation for sugar solutions in a schematic way. The super- 
solubility curve is displaced about 25° C from the ordinary solubility curve. 
This is equivalent to about a 30%, degree of supersaturation. That is, the 
delineating point may be referred to either as a degree of supersaturation 
at constant temperature, as is customary when discussing solutions, or as 
a supercooling at constant concentration as usual when considering melts. 
The degree of supersaturation S is defined as 


concentration in amount of solute per fixed amount of solvent 





concentration of saturated solution at the same temperature 


The crystallizing behavior of sugar Syrups within the different zones is 
identical with that already described, with the following modification 
within the metastable area. From S = 1.0 to 1.3 it is observed that sugar 
crystals do not form spontaneously under ordinary conditions, but that 
added crystals will grow until the sytup is exhausted. Essentially only this 
growth occurs between S — 1.0 and 1.2, while from 1.2 to 1.3 the growing 
crystals form additional growth centers or ‘false grain’. WEBRE designates 
this region the ‘intermediate zone’!7, The complete supersolubility diagram 


Temperature °C 
eas 50 55 60 65 70 75 80 85 90 


500 pESOISOISOSORSSROS Se 
Or RRO KRIS VES 
be eens rece a y//) Ss 
@, Jf 
a LSS 


YY s 


AY 


FP? based on herzfeld’ HS 
re Peer YS 
solubility tables roped ESS 

















My 


a, 
4) 





P 7 
ib 


















UM, 
Ve 










LE 


= 


D ee) 


am SSR ee. any 
ORS 
See eee cenr 
LAER? 2 
wa 


Y) 


z 
J is 
a 


Se WSS: 
Sy SP. 
Rees corey ey MISSES S 
PPR FRY 
200 egy DRO 
ORO 


Wi, 






parts water 
nm 
oO 


le 
la 


OY 
&, 

RS 

hSS 





RE 
LL SIS 
DS 










Ps 
OSS 
ines 
RS 


x 
A 





Parts sucrose per 100 

















110 120 130 140 150 160 170 180 190 
Temperature °F 


Fig. 3/5. Supersaturation curves for sucto- 
se, showing zones of conceniration (based 
on HERZFELD’s solubility tables)17, 
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for sucrose is represented accordingly 
in Fig. 3/5. . 
The supersolubility curve conforms 
very well to the dictates of good 
boiling practice1?, 37, 53, 82. Tt js ob- 
viously necessary to boil within the 
metastable zone in order to maintain 
the seed density established by any 
full seeding technique. To ‘boil to 
grain’, on the other hand, it is necessary 
to ‘let the grain come in’ at the high 
concentrations of the labile zone. 
In ‘shocking’ one depends upon the 
multiplication of a footing which is 
inevitably present in most pan work18a, 
This presupposes Operation within 
the intermediate zone. In any case the 
development of the strike is performed 
within the metastable tegion in order 
to avoid disrupting the established 
gtain. This necessitates a drastic change 
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in boiling conditions if the grain had been formed by either waiting or 
shocking, and is probably the reason for less certain and uniform results in 
these cases. 

The supersolubility curve cannot be regarded as representing a critical 
threshold condition, since it is frequently observed that solutions crystallize 
at oversaturations considerably less than S = 1.3, and still more concen- 
trated syrups are often stable for indefinite periods1® 19. The former occur- 
tence is usually the result of accidental inocculation with a fragment of 
crystal or dust particle or by some kind of shock! 19, The latter case of 
stability up to supersaturations of 1.5-1.6 can be realized only by very 
careful preparation of syrups under virtually asceptic conditions, and storage 
in hermetically sealed containers. The Figs. 3/6 and 3/7 illustrate the nucleat- 
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Fig. 3/6. Nucleation rate of sucrose solutions at 25° C (DUNNING and SurpMANn*?), 


ing behavior of such carefully prepared solutions. The first of these two 
figures suggests that the onset of crystallization becomes apparent above a 
supersaturation of about 1.3, when only several hours is taken as a conve- 
nient period of observation. The second figure demonstrates that the estab- 
lishment of visible centers of growth is catastrophic above S ~ 1.5. 
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(b) Modern Theory 
The sudden appearance of crystals in solutions from which presumably 
all extraneous sources of nucleation are excluded is typical of the develop- 
ment of nuclei in a homogeneous way. DunninG? develops the modern 


Reciprocal time,day ~ 





15 20 25 30 
fe Sugar/Water 
~ Sugar/Water at saturation 


Supersaturation, O 


Fig. 3/7. Time of appearance of crystals in sucrose syrups ptepared by vacuum evapora- 

tion or active boiling, and curing at 20° C above saturation. Points ate individual 

samples at 25° C unless designated as the average of several samples, or other tempera- 
tures. / signifies partly degraded solutions18¢, 


theory of this process as follows. The generation of nuclei occurs by the 
progressive accretion of molecules according to the scheme: 


A +A=A, 
A, +A=A, 
4n1+A=A, 


The reversible addition of molecules continues until the nucleus of critical 
size is attained. This situation may be represented by the overall equilibrium: 


nAi= A, 
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The law of mass action indicates that the concentration of critical nuclei 
will be c* = Ke for this equilibrium state. The equilibrium constant K 
may also be expressed in terms of the equivalent free energy 


—AG=AT \lnK 


The free energy involved in forming the nucleus must be regarded with 
respect to the normal or bulk free energy of the crystallizing phase; in 
which case it is nothing but the surface free energy of the nucleus. This 
amounts to oA, where A is the surface area of the nucleus and oa its inter- 
facial tension. The concentration must likewise be expressed with respect 


c 
to the crystallizing phase or ae This is the ordinary degree of supersatura- 
fo.@) 


tion in usual units. The concentration of critical nuclei then becomes 


> ees | 
C* = |— * exp 
“| | kT 


The critical nucleus represents a maximum in the free energy-size relation- 
ship, and stability will be occasioned by any reduction in this particular 
value. This may be realized either by loss of molecules, which is tantamount 
to dissolution, or by addition of molecules, which is equivalent to growth. 
If g is the probability per unit time that the critical nucleus will follow the 
latter path then gc* is nothing but the nucleation rate /. The resulting 


equation 
erat ee | 
ain — * ex 
J (= P\ er 








has the familiar form of the general rate formula, where, however, the 
individual terms have explicit significance. It remains to express A as a 
function of temperature and concentration. 


16x 02m? 
The surface of the critical nucleus is A = 4ar*?, or A=— 


? | Eines ) 
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when combined with the Grsps-THOMSON equation. In this form m|d is 
the volume of a molecule in terms of its mass and density. The number 





Par? Anr*3d 
of molecules in the critical nucleus 1s given by z= Eee The G1bBs- 
ion also gi (ie ; SUEZ If these values ate 
THOMSON equation also gives he exp ( er aT) 


Bibliography p. 146-148 


124 NUCLEATION IN SUPERSATURATED SOLUTIONS CH; 2 


substituted in the rate equation, the result is 


16 x M? N a 





ou . \2 
J =g: exp 3a wer (i | 


arn) 





when expressed in molar quantities. 

VaNnHook and Bruno18° and VaNHoox and Fruxa18? have tested 
this expression with respect to the three independent variables and found 
only approximate agreement with the stipulated form. At constant temper- 
ature, for instance, they assumed that the pteexponential factor and the 
o factor would remain constant. In that case a plot of log / against the reci- 
ptocal of the square of the log of the degree of supersaturation should be 
a straight line. This was only approximately the case. DUNNING?» has 
pointed out that g will depend upon the supersaturation in such a way that 
log J + 3 loglog e/c,, should be employed in place of log / in the linearity 
test. Another improvement, suggested by the basic theory, is effected by 
employing activities in place of molar concentrations. In this way satis- 
factory agreement with the theoretical equation is realized, in so far as 
supersaturation is involved (Fig. 3/8). 
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Fig. 3/8. DuNNING and SHIpMAN’s test of the nucleation equation), 
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The influence of changing temperature on nucleation rate is qualitatively 
in agreement with the above expression. However, the quantitative com- 
parison is unsatisfactory even after correcting for the temperature depen- 
dence of g, according to DUNNING. The data have been interpreted, there- 
fore, in terms of the overall ARRHENtIUus theory of reaction rates!8>, Obser- 
vations of the nucleation rates of syrups from —10° to 40°C may be rep- 
resented by an activation energy of 4.4 kcal/mole, according to Fig. 3/9. 


x103 


L 
- 
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Relative nucleation rate log scale 


Fig. 3/9. Activation energy of nucleation of sucrose solutions!8>, x: bulk samples, 
o: minimum size droplets. 


This value is exactly in the range computed from the temperature coefficients 
of viscosity and diffusion of these same syrups. This correlation suggests 
the importance of the transport step in the nucleation process, in contrast 
to its relative unimportance in the growth process under similar conditions. 

In fact, this influence of viscosity is probably the reason for the unsatis- 
factory compliance in the above concentration and temperature tests. 
BrcKER and D6rING”° have pointed out that viscosity adds another exponen- 
tial term of the form exp (= - to the usual kinetic equations. While the 


original deviations are lessened by such a factor, the improvement is still 
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inadequate. It is possible that at least a part of the discrepance may be due 
to inadequate viscosity data at these high concentrations”. 

The o term in the nucleation equation suggests that the interfacial tension 
should be a very significant factor in the formation of sucrose crystals. 
The nucleation rate should increase very rapidly with any reduction in this 
term. This profound effect in the behavior of ordinary sugar syrups is 
reported by several workers!® 184, 22, 23, 24, 25, 26; but was not found by 
VaNHook and Bruno!8¢ when using very carefully prepared syrups free 
from all extraneous matter. These investigators did observe, however, that 
the crystal density was prolific when crystallization occurred in the presence 
of substances which presumably had diminished the interfacial tension 
factor*4, 

KinG2? reports that surface active agents accelerate the crystallization 
of sugar solutions, although VaNHook and Fruixa1®> did not find this 
to be marked when the seed density was very high. Neither is the rate of 
growth of single crystals speeded by the addition of these materials!®°. It 
is therefore suggested that the benefits of surface active agents are due to 
their dispersing action rather than directly to an increase in the homoge- 
neous nucleation rate. The general principles of such a heterogeneous 
reaction have been indicated, but have not yet been applied to the case of 
sugar syrups. 

In the meantime, the lack of agreement between theory and observation 
suggested a more critical analysis of the o factor as it occurs in the nucleation 
rate equation’, 18f. This is a difficult property to ascertain directly. In fact, 
it is usual to employ the ordinary surface tension in place of the interfacial 
tension in calculations of this kind. While this is a legitimate value in the 
case of g-l transformations, it may not fit the case exactly when substituted 
for other types of change. 

The case of a solid appearing within a liquid is equivalent to that solid 
at the liquid-vapor interface; namely 


g——- 


—<—| 


The Dupré triangle of surface forces for this situation is 


The o’s are the interfacial tensions at the respective gas, liquid, and solid 
surfaces, and 0 is the angle of wetting. The s-l interfacial tension is identical 
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with the ordinary surface of the liquid (6,1) only if the wetting is complete 
(6 = 0), and the solid itself has no surface tension. The first requirement 
seems reasonable for a solid in its saturated or oversaturated solution, but 
the second is questionable. It is, however, reasonable to expect that ogg is 
essentially a constant for solids. In that case we would expect a direct 
correlation between the interfacial tension of a solid in liquid (631) and the 
surface tension of that liquid (6,1). Any material lowering the surface 
tension of a supersaturated syrup would, therefore, be expected to increase 
its crystal forming propensity since the interfacial tension of the crystal 
is also lowered. 

Before describing the experimental investigation of this proposal it may 
be of interest to pursue this same line of thought in a qualitative and semi- 
quantitative explanation of the condition of supersaturation in sugar solu- 
tions. The analysis1*t was suggested by an equivalent computation suggested 
by DEDEK?®. 

In the present form, the Grsss’ adsorption equation 


_ 1 do 7 ¢c do 
aieel ATs dla sald Pend 


is used in place of the thermodynamically related Grsps-THOMSON equation. 
T is the surface excess, which in the case of a solution may be regarded as 
a measure of the difference in concentrations of the surface and bulk parts; 
o is the tension at the interface or the ordinary surface tension in the model 
under consideration; ¢ the concentration in the bulk solution; and R and 
T the usual gas constant and temperature, respectively. In words, the equa- 
tion states that if the surface tension of a solution increases with the con- 
centration of solute, the relative concentration of this solute in the surface 
layer is less than in the body of the solution. Pure sugar solutions as well 
as many aqueous solutions are this kind; and their surfaces may be regarded 
as undersaturated when the main solution is saturated. Any incipient 
crystal formed would therefore dissolve in the surface layer. Growth would 
ensue only when the concentration in this otherwise undersaturated state 
becomes equivalent to the solubility in the ordinary state. It will be per- 
ceived that the mechanism outlined is equivalent to the previous inter- 
pretation in which the critical nucleus was employed in place of the solu- 
bility. The present description may be applied numerically as follows. The 
change in surface tension with concentration for sucrose solutions is 
do/de = 0.03 when o is expressed in ergs/cm?, and ¢ in g sucrose/100 g 
water. This value is estimated from the data of SMOLENSKI29, BrGGins and 
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VaNHoox!8@ and others, and is valid out to about 70° brix at ordinary 
temperatures. Thereafter the values appear to fall from linearity. When 
this coefficient is inserted in the above equation the result is: T= — 1.2 x 
10-12 ¢. At saturation at 30° C, ¢ = 220, and Prcalculates as — 2.66 x 10-1; 
which means that the surface concentration is less by this amount from the 
equivalent two dimensional concentration within the bulk of the liquid. 

The possibility of forming a supersaturated solution may then be con- 
sidered as due to the dissolution in this undersaturated layer of the embryo 
just formed within the bulk solution. This metastable condition will prevail 
until the concentration is increased to the point where this interface is 
just saturated. The bulk concentration would then correspond to the super- 
solubility limit. 

To approximate this condition we assume, with DEDEK, that the mini- 
mum stable solid nucleus in the bulk solution is a pair of sucrose molecules 
as found in the unit cell. At a density of 1.58 this calculates as a sphere of 
radius 5.5 A. The cross section will be 94 x 10-16 cm?2, and a mole of sucrose 
will be IV/2 of these pairs covering 282 x 107 cm*. The reciprocal is 
3.5 x 10-1° moles/cm*?. The surface layer concentration is 2.7 x 10-1° 
less than this concentration, or the degree of supersaturation in two dimen- 
sions is 

(AS Ray LO 
3 sea0ess 





== 239 


Since the surface deficit is proportional to the bulk concentration, we may 
say that the surface layer will attain the normal solubility in two dimensions 
that is equivalent to the bulk solubility when the bulk concentration is 
about four times its normal value. 

This is considerably larger than the 1.6 observed experimentally but is 
entirely reasonable when we consider the approximate nature of the calcu- 
lation. It is also likely that the surface tension-concentration coefficient 
used is too high. This possibility is within the uncertainty mentioned in the 
literature. It would only be necessary to halve the value employed (0.03 
to 0.015) to arrive at reasonable figures for the critical supersaturation. 
Twenty molecules per critical nucleus, instead of two, is the result of the 
calculation employing the given surface tension coefficient and a metastable 
limit of 1.6. 

Return now to the consideration of the surface tension behavior of sugar 
solutions. Pure sucrose is surface inactive in the sense that it increases the 
surface tension of water slightly as the concentration is increased2®, On 
the other hand, natural sugar juices, and even ordinary refined sugars, are 
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surface active in that such solutions may have surface tensions considerably 
less than that of water. This is illustrated in the Fig. 3/10. Curves a and b 
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Fig. 3/10. Surface tension-concentration relationship of beet sugars®4, a and b: refined 
grades, c and d: direct consumption grades. 


are refined sugars, while ¢ and d are direct consumption grades. Natural 
juices and molasses conform to the latter types with the minima varying 
in location according to the quantity of colloidal material present, The 
effects of particular surface active materials are represented by the typical 
results of Fig. 3/11. The full curve of Fig. 3/12 illustcates the minimum 


Surface tension in dynes/cm 





g Sucrose/100g water 


Fig. 3/11. Effect of sucrose on the surface tension of solutions of aerosol O.T. Static 
(ring) values, corrected. Surface active agent concentration based on aerosol water'*4, 


in the surface tension-dilution curve of a cane molasses as well as the fact 
that added sucrose increases the surface tension. In all cases examined to 
date, whether natural or synthetic syrups, it has been observed that the 
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surface tension is not greatly different from that of pure sugar solutions 
when the total solids has been increased to the supersaturation level. 





Surface tension in dynes/cm 


0 100 200 300 
g Sucrose/100g water 


Fig. 3/12. Surface tension of a Cuban cane molasses. Static (ring) values, corrected. 


— = diluted stock, --—-— = sucrose added. Pendent drop values are about the same at 
the minimum, but decrease to 13 dynes/cm less for the stock solution (106 g sucrose/100 g 
water) 18d, 


This effect refers to the ordinary static, or equilibrium, value of the surface 
tension, and is determined on aged surfaces by methods which do not 
disturb them. The dynamic, or immediate, surface tension may be higher 
than these equilibrium values, and is dependent on the age of the solution. 
This is illustrated in Fig. 3/13 for a particular beet molasses. The momentary 
surface tension augments the already high static values of supersaturated 


method 100/100 


Ring method 20/100 


40 Pendent drop 100/100 
Pendent drop 20/100 


Surface tension in dynes/cm 
iN 
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10 20 30 40 50 
Time in hours 
Fig. 3/13. Surface tension-time relationship of diluted beet molasses. Original stock: 
273 g of sucrose and 183 g of non-sucrose per 100 g of water. Concentrations in g of 
sucrose/100 g of water!8d, 
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sugar solutions, so that in reality the dynamic surface tension has not been 
changed significantly even upon addition of highly active surfactants. This 
condition is emphasized with regard to the dynamic values, and this, rather 
than the static value, would seem to be more significant in problems of 
crystal generation and growth. Judicious considerations of surface tension 
factors are discussed by CasseL and Lanprt?®, and by CApELLE?’. The 
relative indifference of the rate of crystal generation in the presence of 
sutface active impurities thus appears reasonable in spite of the strong 
influence of the o° term in the rate equation. 

Several provocative computations can be performed with the above 
equations and the sparse data which are available for supersaturated sugar 
syrups: 18. The slope of the appropriate plot of nucleation rate against 
supersaturation yields a value for the interfacial tension, o; while the inter- 
cept defines the transition probability, gz. DUNNING and SHtpMan*? found 
these to be 4.6 to 4.8 ergs/cem? and approximately 10-5, respectively; 
while VANHoox and Fruita! reported 6 ergs/cm? for the first parameter 
and approximately the same 10-4 to 10-° for the latter. 

The energy estimate is within the rather wide limits allowed for this 
property and is compatible with the usual values of 10-100 ergs/cm? 
ordinarily alloted to s-g surface tensions. If the computed values are inserted 
in the Grpps-THOMSON equation, one computes that the radius of the critical 
nucleus is about 19 A. This is equivalent to a sphere containing about 
80 sucrose molecules and is comparable to the estimates in other systems®®. 
This critical size is much smaller than the 14 x 10% A inferred for sucrose 
by ScuwerzEr*!, and larger than that assumed in the previous calculation 
(see p. 128). Recent considerations of the kinetics of ionic precipitations also 
indicate much smaller values of the critical nucleus than those realized by 
calculations of the above kind. The entire problem needs renewed attention 
and analysis*?. 

The pre-exponential value is low, and signifies that the expectation for 
the continued growth of the critical nucleus is small compared to the fre- 
quency with which it disappears by dissolution. The transition state theory 
of reaction velocity as applied to the case under consideration amounts 


kT NS ike ee 
J ==. exp | R )-ex RT 


where the first factor is a universal frequency term, and the second an 
orientation factor. The observed value of the combination requires an 
extremely high entropy change for the process. This is not unreasonable 


to 
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when the symmetry of the sucrose crystal is considered together with the 
fact that several water molecules associated with sucrose in solution must 
be excluded in crystal formation. This situation is not unusual®®, and serves 
to emphasize that even quasi-equilibrium conditions may not be realized 
during the birth and growth of crystals. The pressing need for dynamical 
treatments of the problem is inferred in recent discussions*» 9?» #7» °°. 


4. Experimental Methods and Results 
(a) Nucleation Experiments 


The theory of nucleation is more highly developed than theories of growth, 
at least in their modern forms? and until recently?®, On the other hand and 
for condensed systems, the experiments on crystal growth have exceeded 
those on generation. This situation is especially true with regard to sucrose 
solutions. An abundance of papers on the growth of sugar crystals is 
available whereas relatively few on nucleation are recorded. 

The word swgar itself stems from the Sanskrit sarkara, meaning little 
pieces, gravel, or granulation. The early processors and refiners of sugar 
were well acquainted with the crystallizing behavior as expressed by the 
term graining. This was first presented in exact quantitative meaning and 
appreciation by CLAAssEN, according to WesreE!’. The contribution of 
THIEME?’ and KuCHARENKO®’ soon followed and supplied the sugar 
technologist with complete and detailed data and discussions of the science 
and practice of sugar boiling. Both these manuals are still appropriate and 
adequate. These expositions of the crystallizing behavior of sugar syrups 
applied the supersolubility as had been developed by Ostwap, BERKELEY, 
TAMMANN, FouquEt, and others. 

KUCHARENKO’S ideas on the constitution of strong sugar solutions are 
most intriguing. He recognized the difficulty and almost impossibility, of 
avoiding accidental inoculation of supersaturated sugar solutions; thus 
accounting for the observation that such supersaturated syrups almost 
inevitably deposit crystals. Yet, under virtually aseptic conditions, this adjust- 
ment may be postponed even indefinitely1® 28, KucHARENKO accounted 
for this in terms of the crystallones and colloidones which he regarded for 
the structural units of solution. The former were defined as ‘minute particles 
not to be discerned by the strongest microscope but conserving never- 
theless all the properties of a large crystal, and colloidones, particles losing 
the essential properties of a crystal’. In modern chemical terms these de- 
Signations express the associated condition of sucrose in solution which 
progressively increases as the concentration becomes greater. The crystal- 
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lone is an aggregate considerably larger than the colloidone and may even 
gtow to become an embryo or germ and eventually true nucleus and crystal. 
The physical state visualized is equivalent to the current disorder-order 
concept and to the equilibrium nd = Ay which has already been used to 
represent the consolidation of molecules in the critical nucleus. 

KUCHARENKO postulated that crystals or even crystallones could separate 
into smaller fragments which in turn would grow to larger sizes by accretion 
of colloidones and molecules. This is quite a vivid description of the 
mechanism of ‘false grain’ formation. 

FouquEt’s?® early paper in the Nucleation of Pure Sugar Syrups warrants 
consideration. Some of his observations are given in Table 2. Fouquet’s 
solutions were very carefully prepared and cooled slowly with gentle 


TABLE 2 


NUCLEATION OF PURE SUGAR SYRUPS®® 


ne CEE UU EIU EEEEEIIIEISEE SESE SISSSES 





Sugar/100 g Temperature, °C Sugar/100 g water Degree of 
Solution Water Sat. Crystallization Sat. soln. Excess supersat. 
78.7 369.4 81.5 31 2213 148.1 1.66 
79.8 395.0 86.5 44,2 247 148 1.60 
80.8 420.8 91 54.4 271.6 149.2 1,59 
82.4 468.1 v7 oe 318.7 149.4 1.47 
83.0 488.2 100 75.0 339.8 148.3 1.44 
84.8 55/9 — 88.5 406.9 150:3 — 
85.1 S71 — 92,0 428.8 142.3 — 


ms 


agitation. The temperature at which crystals first appeared were noted. 
Fouquer pointed out that his observations were in complete accord with 
those of Mrers who worked principally with salt solutions. VANHooK 
has computed Fougquet’s results in terms of degrees of supersaturation. 
The values in the last column are approximately in the range previously 
designated for homogeneous nucleation. He has also computed the acti- 
vation energy from this data and obtained a value of 2.4 kcal/mole. This is 
somewhat less than the 4.4 already mentioned but does serve to emphasize 
the difference with the activation energy of growth. 

The next nucleation studies specifically on sugar solutions are those from 
the Delft laboratory#®. These workers did not note the temperatures at 
which crystals developed in a cooling syrup as did Fouquer, but rather the 
time at which crystals appeared at constant temperatures and constant super- 
saturation. VANHooxk has computed that the data of these two papers, 
which cover from 40°-90° C, may be represented by an equation of the 
form (O-a)¢ equals constant, with a equals 1.37. O is the supersaturation 
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and #, the time. a is then the supersolubility or metastable limit. The acti- 
vation energy of the process was also estimated to be about 5 kcal/mole. 

Later work from the laboratories of DuNNiING and VANHook have 
already been mentioned in the theoretical section. On the experimental 
side they emphasize the absolute necessity of ‘curing’ the syrups in order 
to realize true homogeneous nucleation. The curing consists of heating the 
syrup for at least 20-30 minutes at temperatures at least 20-30° C in excess 
of saturation. This treatment is required in order to (1) completely dissolve 
the solute — the last traces of sugar are reknowned for being reluctant to 
dissolve; (2) to destroy all transitory order in the saturation region; (3) to 
inactivate accidental foreign particles. These requirements or at least the 
first two may also be fulfilled by vacuum evaporation*! of dilute solutions, 
but the operation is not performed as conveniently as treatment by heat. 
It is also advisable to avoid foreign “dust’ particles, since these are not always 
completely deactivated by the usual treatment. In that case a preliminary 
‘shower’®, 39, 49 is observed which may not interfere with the nucleation 
measurements at high concentration, but will destroy the ability of only 
slightly supersaturated solutions to remain virtually permanent. These 
showers first ‘light’ and then ‘heavy’ are prominently revealed in cooling 
experiments of the Fouqurr type. The first one occurs upon passing into 
the metastable range, when slow growth ensues upon any active foreign 
particles that may be present; the second dense shower signals the onset 
of rapid growth upon entering the intermediate or labile zones according 
to whether foreign nuclei are present or absent. At this time the autocatalytic 
nature of nucleation is beautifully displayed. 

The aformentioned workers used two different, albeit equivalent, methods 
of expressing the nucleation rate of sucrose syrups. DUNNING and SHIPMAN 
counted the total number of crystal centers in a syrup at different times and 
considered the slope of the linear population curve as the nucleation rate. 

VaANHook and co-workers, on the other hand, noted the time of appear- 
ance of the first crystal and regarded this induction period as inversely 
proportioned to the nucleation rate. However, it was recognized that a 
definite period of time was required for the invisible critical nucleus to grow 
to visible size. The correction was suggested by the methods employed 
by VAN GINNEKEN and WATERMAN®®, A clean, single crystal was touched 
to syrup of different concentrations and the time noted for a microcrystal 
to appear at this point. These incubation periods were essentially the same 
as those reported by the Dutch workers. 

The results illustrated in Table 2 were obtained on stirred solution. 
FouqueEr remarked that lower and inconsistent values were obtained when 
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the syrups were not agitated. The Delft workers also employed slow rotation 
of their sample in order to assure reproducible results. Fouqurr also men- 
tions the occurrence of the preliminary shower as described above. VAn- 
Hook concurs in these observations but in addition has observed that 
different rates of rotation have no appreciable effect on the nucleation time 
when the solutions were entirely free from suspended material and well 
cuted. Neither does glass propeller stirring, under oil, up to 300 r.p.m. 
and below S = 1.4. Above this concentration, however, the nucleation 
times were greatly reduced the higher the concentration and faster the stir- 
ring. For instance, at S equals 1.4, stirring at 300 r.p.m. for two days did 
not especially encourage crystallization. At 100 r.p.m. a 1.5 supersaturated 
sytup crystallized in 4} hours, whereas without stirring or with gentle 
rotation it is normally stable for weeks. At S equals 2.0, where unstirred 
solutions take about a day to develop a visible crystal, a cloud shows up 
within a few hours at 100 r.p.m. and in about an hour at 300 r.p.m. Any 
accidental contact of the stirrer with the sides of the container or with 
added glass beads induces crystallization very promptly even at low super- 
saturations. 

These irregular results with stirring suggest the influence of viscosity; 
which factor was investigated by means of the temperature coefficient of 
reaction. As already mentioned, the activation energy turns out to be about 
5 kcal/mole. This is exactly the magnitude allowed for transport processes 
and indicates the operation of this factor in the nucleation process (see later 
sections on mechanism of growth.) Powers*! describes the appearance and 
growth of crystals in stirred syrups as well as those which have been gelled 
by the addition of gum arabic. Further experimentations along these lines 
should prove most revealing in the interpretation of the mechanism of 
nucleation as they have already regarding growth. 

The sensitivity of sugar syrups to mechanical influences was demonstrat- 
ed in a vivid way by BerKetey in 19124. A solution which formed 
crystals at 6.5° C below its saturation temperature was made to crystallize 
at only 3 degrees supercooling when subjected to intense mechanical stress. 
The stress was produced by the motion of a brass piston rod as well as 
by the impact of a small trip hammer upon an anvil. This behavior was 
confirmed in many other melts and solutions by YOUNG and VAN SICKLEN*?. 
Woop and Loomis! in their exploratory investigations of the propetties 
of ultrasonic waves also noted that this radiation was able to induce the 
formation of crystals in a supersaturated Na,S,O3 solution. Numerous 
researches have since amply confirmed the general accelerating effect of 
this form of energy in the production of crystals from appropriate mother 
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liquors#®, It is not always clear that distinction is made between the two 
consecutive and simultaneous steps of the crystallization process, but it 
is most certain that irradiation does increase the net rate of adjustment 
of many supersaturated solutions and supercooled melts*®. 

Sugar solutions confirm the general pattern of instability under the 
influence of intense irradiation. The first recorded tests with sound, to the 
writer’s knowledge, are those of Asroxri*’, some German developments 
during the last war48, and of GaLKowsx1*® in the laboratory of the Holy 
Cross College. The positive effects of increased crystal growth have since 
been confirmed in several laboratories and the recent developments have 
been reviewed on different occasions®®. In brief: 

(1) The mechanism of sound activity is heterogeneous, and not homo- 
geneous. 

(2) Treatment with sonic waves accelerates the adjustment of supersatu- 
rated sucrose solutions, both pure and impure. This treatment has no 
special effect on the rate of growth of single sugar crystals, so that the ob- 
served overall increase is due almost entirely to enhanced nucleation by 
false grain formation. 

(3) The effects of sonic graining become more pronounced with increasing 
supersaturation and time of irradiation. A threshold power level of about 
2 sonic watts/cm is necessary to obtain any significant results; excess energy 
above this level is relatively ineffective. The optimum frequency is in the 
neighborhood of 10 Kes. No unusual effects have been observed over the 
temperature range 30°-70° C. 

(4) It has been observed also that many substances which are reluctant 
to crystallize under ordinary conditions frequently deposit crystals soon 
after irradiation, e.g. L-arabinose, sorbitol, pi-glyceraldehyde, p-gluconic 
acid, brucine, and many others1®», 

This ability of sound waves to stimulate crystallization may prove to be a 
benefit to the preparative organic chemist especially in the field of sugar 
derivatives. 


The practical value of the process is attested by the existence of several 
patents*?, 51, 52, 


Benefits are not merely the overall acceleration of growth, but the fact 
that footings can be established almost immediately. This improved grain 


uniformity should lead to improved boiling and also better and quicker 
separation in the centrifuge. 


(b) Impurities 


The rates of nucleation of sugar Syrups are impeded by the addition of 
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non-sucrose solutes. This is reflected in the increase of the OstwALp super- 
solubility limit when passing from high to low purity stocks. GmLerr®$ 
states that ‘in Crockett’s experience the safe upper limit of the metastable 
zone for white massecuites is regarded as fringing on a supersaturation 
limit of about 1.4-1.5. In low grade work this limit of the metastable zone 
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Fig. 3/14. Supersolubility-purity relationships®®. 


may be 50% higher’. Cameron®* places the limit between 1.40-1.45 at 
140-145° F and 60-70 purity; the intermediate zone between 1.40-1.45 
and 1.60; and the labile above 1.55-1.60. Davies and YEARWOooD report that 
the approximate metastable limit of about 1.3 for pure syrups is increased 


TABLE 3 


EFFECT OF TEMPERATURE ON THE UPPER LIMIT 
OF THE METASTABLE ZONE, 60 puriry°® 


Temp. °F Supersaturation 


141 1°55 

158 1.50 

LIZ below 1.50 
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with decreasing purity, but that temperature has little influence on this 
effect. Their results are illustrated in Fig. 3/14 and Table 3. 

WEBRE mentions comparable increases in his numerous writings on sugar 
boiling1”. Other sugar technologists find similar results for a variety of 
sugat house liquors’, 54, Naveau?*, however, cites Honie’s experience 
that ‘le degré d’impureté du sirop dense stimule la formation du grain’. 
VaANHook confesses a dearth of experience with natural syrups but casual 
experiments indicate to him that most ordinary impurities appear to post- 
pone the onset of crystallization. Separate experiments with surface active 
agents have already been described. In summary, they reveal that the small 
amounts of surfactants needed to reach the critical micelle point have 
relatively little effect on altering the metastable limit of sucrose syrups. 
However, at this point these agents appear to enhance the crystal seed 
density tremendously (see p. 126). Further quantitative studies in this 
direction are needed. 

It is also interesting to observe in this connection, and possibly not 
entirely irrelevant, that these surface active agents have a pronounced 
effect upon crystal crops obtained in their presence. Even with white syrups 
the crystals obtained are considerably improved in appearance and quality. 
The tendency to agglomerate and aggregate is reduced. 

This is illustrated in Fig. 3/15. These are schematic growth curves of 


B-O01°%%o 






A-Pure syrup 


No7 Neo 
n=Neo 


C-Polyelectrolyte 





Log. 


Time in minutes 


Fig. 3/15. Crystallization of seeded syrups by refractometer!*f,. B: added surface-active 
agent. 


seeded syrups, obtained by refractometric analysis. The usual curve A 
for white syrup is linear in terms of monomolecular growth over a consi- 
derable period. When 3 of the crystallizable sugar has deposited, the growth 
tate diminishes because the crystals grow together and diminish the surface 
available for continued deposition. Even a small amount of surface active 
agent (B) postpones this action considerably. It has been the impression 
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from work in the laboratory of the Holy Cross College that nonionic 
agents are more beneficial than ionic ones in this respect. The aggregation 
may be aggravated (C’) by the addition of coagulating agents, in which 
case the deviation from linearity sets in early in the adjustment. 


(c) Foreign Particles 


Foreign particles generally antagonize the persistence of the metastable 
state and sugar syrups are no exception to this rule. Turbidity, and even 
discreet suspended particles, are often visible in strong solutions of many 
refined sugars. Such solutions are apt to crystallize more readily than com- 
parable solutions in which suspended material is not visible or the same 
syrup after filtration or centrifugation. The same improvement may also 
be accomplished in some cases by ‘curing’. This beneficiation may be only 
partial according to the extent of the treatment. VANHook has encountered 
instances of syrups which contained considerable amounts of suspended 
material (lint) whose nucleating behaviors were improved as much by 
prolonged curing as by filtration. However, it is advisable to utilize abso- 
lutely clean solutions for nucleation experiments in order to avoid the 
uncertain influence of foreign suspended particles. 

Many early workers have reported that melts or solutions once crystallized 
may be reluctant to enter the supercooled or supersaturated state again. 
They describe this remarkable behavior in terms of the ‘memory’ of the 
system. It appears reasonable that the effect may be ascribed to the order- 
disorder phenomena which occur in the neighborhood of transition points*®. 
On the other hand, foreign particles may also be a contributing factor, 
according to the following singular experiences. 

The nucleating behavior of a syrup made from a beet molasses was being 
studied by observing the time required for crystals to appear. The times 
observed in the first trials were frequently much longer than those noted 
upon repetition. For instance; when the original stock was dissolved and 
cured at 90 purity and 100% supersaturation, crystals appeared after 3 
to 5 days. After redissolving and reheating, only about a day was required. 
When the sample was centrifuged after only a part of the crystallization 
had occurred, and the experiment repeated, the crystallization times resumed 
the initial period of several days. Presumably an impurity was adsorbed 
on the first crystals and they were not reversibly dissolved in the dissolution 
process. It therefore remained effective to stimulate the subsequent crystal- 
lizations. After removal with the crystallized fraction, the solution regained 


its original crystallizing tendency. 
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This is only one particular case illustrating the effect of foreign particles. 
SPENGLER has noted that CaCO, particles are unfavorable for grain forma- 
tion, while BLAzEK®® reports the contrary. NAvEAU??, CassEL and LANDT”®, 
and CassEL and Topr®® call attention to the fact that foreign particles may 
induce false grain. The confectioner uses gums, colloids, and a wide variety 
of other additives to induce prolific fine grain for his fondants and creams, 
and yet these same or other agents often prevent the further recrystallization 
that leads to coarse grain. These are probably behaviors which involve 
foreign bodies as well as the influence of interfacial tension. This latter 
factor has already been intimated*, 

The writer knows of no recent complete discussion and analysis of this 
problem, but would presume to mention several observations that may be 
pertinent. The fact that crystals are attached to the string at the left, trun- 
cated (110) end, in the ordinary process of making rock candy, is probably 
significant. WILLEMs®! and NreunHaus® discuss oriented overgrowths of 
and on sucrose. Adsorption® and epitaxy?+ may also play dominant roles 
in this connection. CAPELLE®® reports that sugat crystals deposit on only 
one of two electrodes inserted in a growing syrup, and that a potential of 
3-5 mV is established. It is also observed that sugar crystals often ‘stick’ 
to the walls of glass or metallic containers. This condition may be alleviated 
by the addition of small amounts of surface activa agents or by ‘siliconing’ 
the surface. The attachment is also considerably less on non-wettable 
surfaces such as polyethylene, wax, etc. 


(d) False Grain 


False grain or smear is no illusion to the sugar boiler. It is encountered in 
the upper regions of the metastable zone and conditions of juice nature, 
boiling procedure and pan design are known to affect its occurrence. Gene- 
rally, false grain may be avoided by good boiling practice. 

The intermediate zone of concentration, in which false grain forms, is 
defined as the concentration range within which added crystals not only 
gtow, but also multiply. Without added crystals no unusual activity occurs 
in this territory. There is no need to add crystals for growth if the syrup 
is in the labile zone, for here the gtowing base is provided by spontaneous 
generation. The growing crystal will multiply in this case just as in the 
seeded intermediate zone. It is obvious then that false grain is not confined 
to the intermediate region alone, but is common to the labile area also. It 
therefore follows that false grain is a corollary of growth, and its explanation 
is to be sought in the mechanism of this process. This is essentially the 
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interpretation of VAN GINNEKEN?® to which VANHOook has subscribed!8, 

If this is the case, the intermediate zone as delineated in the supersolubility 
diagram loses some distinction on account of this secondary nature. Da- 
vies®> concludes ‘that the intermediate zone as defined by WEBRE is so 
natrow in extent as to be of little practical importance’. He observed that 
the metastable range at high purities was considerably less than at low 
purities, and expected a similar spread for the intermediate zones. Yet at 
60 purity this zone extended at most only 0.07 degrees. WEBRE himself!’ 
implies the same by recognizing ‘that the inevitable time element also has an 
important bearing upon crystallization, and that if this time is short enough 
it is actually possible to enter the labile zone without inducing the formation 
of nuclei’. GrtLerr®? makes no particular distinctions in this region of the 
super-solubility diagram. 

Powers‘! has already presented a vivid and detailed picture of the 
ptocess of crystal growth. The regular and layer-like addition of sucrose 
molecules which he now records for the first time is a necessary prerequisite 
for the development of a good, clean, single crystal. This specification is 
not always met readily with sucrose, and even with crystals at large**, 
Growth is more frequently irregular and sporadic, unless very carefully 
controlled and regulated®4; 6°, The aberrations become magnified as the 
growth rate increases. VANHoox has referred to this situation as resulting 
from dendritic growth*, although true dendritic habits are not necessarily 
observed!!. Highly oversaturated syrups (S > 1.2-1.3) appear to form new 
centers of growth on or near the surfaces of growth. These nodules then 
appear to be swept from the surface, especially with agitation, and give 
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Fig. 3/16. Effect of stirring speed on crystallization rate of sucrose. So 1.16, 30°C, 
1/50 if 40-60 mesh ee ve 1/15 of XXXX seed, directly on refractometer prism. 
B: 400 and 500 r.p.m., C: 250 r.p.m., D: 150 r.p.m., E: piston stirrer, F: 85 r.p.m, 
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rise to brand new crystallites, or false grain. This action appears to be 
accentuated at and near corners and edges. False grain then appears to result 
from the erosion fragments which inevitably attend rapid growth!8s; 41, 66, 

In this case one would expect false grain formation to depend upon 
agitation; and the influence of circulation is well recognized by the sugar 
boiler®’. Fig. 3/16 illustrates this effect on an experimental scale. The curves 
represent growth in seeded solutions, and both the slope and intercept are 
measures of the total growing area. This surface is related directly to the 
number of growing crystals, or false grain. The progressive decrease of 
slope and corresponding increase in incubation period from curves B to 
Ff are indicative of the dependence of false grain formation on stirring. 
Similar results have been reported for other systems4®, 68, 

It is also observed that sugar crystals can be distintegrated by agitation 
in saturated syrups even at slow stirring rates4!, The alteration depends 
upon the intensity of stirring, the supersaturation, and the crystal popula- 
tion. Small glass beads or other hard objects may be substituted in the last 
instance with the same results. It seems clear then that attrition of growing 
crystallites contributes significantly to the formation of false grain. On the 
other hand, it must not be overlooked that some circulation is necessary to 
avoid aggregation and agglomeration. In practice forced circulation ap- 
peats to offer pronounced benefits17, 

McGrnnis°? lists the conditions contributing to false grain formation 
as follows: 

(1) Too coarse grain, 7.e., too few nuclei formed in the graining period. 
Under this condition a too small area of crystal surface is available for 
crystallization, the crystals are too far apart, and the rate at which the mother 
liquor is desugarized is too slow for the rate of concentration by evaporation. 
In this case, the situation may be remedied by slow boiling at lower super- 
saturation at the expense of time. Too many crystals may also lead to false grain 
as discussed above. TH1EME3? discusses this situation from the factory angle. 

(2) Too rapid boiling, resulting in too high supersaturation. 

(3) Insufficient circulation. 

(4) Turbid feed syrup. When the standard liquor filtration is inefficient, 
allowing small particles to pass into the pan in the feed syrup, it has been 
shown that the particles may serve as effective points for new nucleus for- 
mation. 

. (5) Grain in feed syrup. This condition is normally encountered only 
in remelt boiling. Small crystals inevitably pass through the centrifugal 


screen. These should be removed by diluting the machine syrup to under- 
saturation before it is used as pan feed. 
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(6) Air leaks. Air leaks into the pan may shock the syrup, giving a 
continual crop of new nuclei. 

From the factory operator’s point of view, false grain is objectional 
because it represents a loss in sugar recovery and because it impedes purging 
in the centrifuge. 

The occurrence of false grain at high supersaturations follows directly 
from the theory of nucleation already outlined and from that of growth to 
be described in the next section. Nucleation is critically dependent on con- 
centration and becomes almost explosive at a degree of supersaturation of 
1.5 to 1.6 when the process is homogeneous. In the presence of foreign 
bodies, of which already existing sucrose crystallites are only one example, 
the pattern is the same but at a much lower level. Growth, however, is 
less critically dependent on the concentration. This difference is illustrated 
schematically in Fig. 3/17. The net adjustment in any seeded solution will 
be the combined result of these two processes, and will exhibit a rapid 







Nucleation 


Net adjustment 


Velocity 


_-— Growth 


Supersaturation 


Fig. 3/17. Adjustment of unseeded syrups (schematic). 


increase which is tantamount to false grain formation®®. TAMMANN de- 
scribed this effect in general by pointing out that the maximum in the K.Z. 
curve is usually much more abrupt than the analogous change in the K.G. 
curve. 

In this respect it must be noted that both the nucleation and growth 
curves of TAMMANN exhibit maxima which may be explained by the in- 
fluence of viscosity and heat of crystallization. It has already been noted 
that these factors may account in part for the form of the nucleation curves 
of sugar syrups at high concentrations, and it is not impossible to continue 
the curve of Fig. 3/7 so as to exhibit a sharp maximum. Nicuik** reports 
such a strong maximum in nuclei number in sugar solutions of increasing 
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strength at 70° C. WEBRE!” suggests the reality of the maximum in the 
following words: ‘It may sound very strange, but actual operation has dem- 
onstrated that the formation of new grain will be much more rapid and 
uniform at a not too high concentration. Actually, if the density is excessive 
the grain formation may stop altogether, to begin again when the mass is 
diluted, thus yielding two crops of crystals’. SrARE®, PALMER”®, and others 
have also investigated amorphous sucrose, which state may correspond to 
the extremes of the TAMMANN diagrams. 

VaNHook, however, regards the pronounced decrease in the nucleation 
rate at high concentrations the result of the inevitable degradation which 
attends the production of sugar solutions of this strength!8, 71, Further 
experimentation at low temperatures may serve to illuminate this intriguing 
situation. 


(e) Graining Practices 


There are three different techniques for establishing grain. These are the 
‘waiting’, ‘shocking’, and ‘seeding’ methods which correspond essentially 
to operation in the labile, intermediate, and metastable zones, respectively. 
The grain establishment and selection periods of the strike are critical periods 
in the boiling schedule which comprise a major part of the art of sugar 
boiling. The technology of operation in this process is considered in detail 
in the later chapters as well as in standard treatises on the sub- 
ject?’, 28, 37, 53, 66, 67, 72-6, 82 Suffice it to refer here to only two recent 
developments pertaining especially to graining. 

Full seeding has been used in sugar boiling for a long time, but as ordi- 
narily practiced has certain disadvantages. These are: availability of seeding 
stock, difficulties and cost of pteparation, amounts required, etc.>°3, These 
objections may be overcome by employing extremely fine crystals, and this 
is essentially the main feature of GiLLETT’s system. Powders even finer than 
fondants are prepared by prolonged ball milling in an inert medium. 
Isopropyl alcohol and mineral oil have been found to be suitable. The 
particles produced in this way are in the 5 ¥-range; which is considerably 
smaller than the 40 v-range of ordinary powders or the usual 20 u-range 
of fondants. An advanta ge of these small sizes is obvious upon consideration 
of the fact that the number of particles per unit weight varies inversely as 
the cube of the size. In Practice it is found that amounts of seed may be 
reduced to 10% of previous requirements, and a pound or less of stock may 
suffice for as much as 2000 cu.ft. of massecuite. Details of this improvement 
are given in the reference cited above as well as in more recent reports7?, 78, 79, 

In 1938 Wepre!? proposed an improvement of the two-boiling system 
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which involved making grain on 60 purity molasses rather than on the more 
pure meladura. The revised procedure increased the efficiency of the boiling 
step considerably. It was subsequently noted (zbid. 1946) that ‘the molasses 
granulation produced well shaped quadratic crystals free of conglomerates, 
which purge very well, and possess excellent refining qualities’. Figs. 3/18a 


05.9508 
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Fig. 3/18a. Commercial bulk sugar. Fig. 3/18b. Commercial bulk sugar. 
Seed from A strike at 80 purity. Seed from C strike at 60 purity. 





and 3/18b are typical examples!’. The improvement is presumably applicable 
at all factory levelst’» 8% 87. 

The observation is not at variance with the foregoing discussion of 
nucleation and known facts about conglomeration. lt has been pointed out 
that surface activity appears to reduce aggregation. This correlates well 
with the recognized principle that this action is more pronounced at high 
purities. It is also well known that conglomerates are very persistent and 
difficult to dissipate once formed. The benefits of the method thus appear 


reasonable in the light of this explanation. 
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CHAPTER 4 


KINETICS OF CRYSTALLIZATION 
GROWTH OF CRYSTALS 


ANDREW VANHOoOK 
Professor of Chemistry, College of the Holy Cross, Worcester, Mass. (U.S.A.) 


1. Introduction 


Pan boiling consists essentially of the removal of water by evaporation 
and the depositing of sugar attending the increasing concentration. This 
is a set of consecutive processes in which the overall rate of reaction is 
controlled primarily by the slower step. In sugar work, at least at high 
purities, the slower step is usually the rate at which solid sucrose can be 
accommodated on the established footings, so that the rate of growth 
becomes the dominating factor in the time required for the strike. This 
situation may no longer prevail at lower purities or other temperatures. 
Heat transfer coefficients may then be considerably less, with a resultant 
decrease in the evaporation rate to the point where it may become signi- 
ficant and even ptevailing in the total rate of boiling. In any event, this 
simple kinetic consideration emphasizes the importance of the rate of 
crystallization for understanding the boiling operation. 

The conditions affecting the rate of reaction in concentrated systems are 
principally temperature and concentration. The first of these is accounted 
for adequately by the usual ARRHENIUS equation. The second is the net 
effect of condensation and evaporation when regarded dynamically; or 
f(C) — f(C,). f(C) is some function of the concentration in the mother 
liquor, while {(C,) is characteristic of the growing unit itself. Since the 
net growth is observed to be zero when the medium is just saturated, /(C, ) 
is to be identified with the solubility in the case of solutions. The rate of 
growth is some function of the supersaturation; /(C’ — Cs). The simplest 
explicit form of this function is the linear equation: velocity = k(C — Cs). 
This equation appears to describe the sucrose — water system adequately. 


C in OF 
If the degree of supersaturation is defined as S = oC and the velocity 1s 
8 
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; c : c 
recognized as the time decrease of Coste aitasteial Sr this equation may 


be written ae = k(s — 1); where the crystallization potential is the excess 
t 


concentration or oversaturation. 

The above definition of the degree of supersaturation is the one introduced 
by CLAassEN, and, as before, is defined as 

sugar/water ratio in syrup 
_ sugat/water ratio in saturated syrup at the same temperature 

The supersaturation has also been utilized in terms of percentage compo- 
sition, in which case the coefficient of supersaturation is defined as 
sugar/(sugar + water) 








, — 


sugar/(sugar + water) saturated at same temperature 
In the presence of non-sucrose components a variety of methods! for 
expressing supersaturation may be defined. The ones commonly employed 
follow the above definition in terms of ratios and percentages, respectively; 
and regard the third component with respect to either sucrose or to the water. 


That is, in ratio terms, 
sugar/water ratio in syrup 








S 


+ sugar/water ratio in saturated Syrup at the same temperature and purity 
” sugar/water ratio in syrup 





sugar/water ratio in saturated Syrup at the same temperature and impurity/water ratio 
Naveau® summarizes the various schemes in use for expressing super- 
saturation according to Table 1. 











TABLE! 
DIFFERENT EXPRESSIONS FOR SUPERSATURATION (NAVEAU?) 
KUCHARENKO ratio sugat/100 g solution same purity 
sugat/100 g solution same temperature 
CLAASSEN tatio sugar/water Same purity 
sugar/water and temperature 
VaNHoox ratio sugar/water same ratio 
sugar/water non-sucrose/water, and 
same temperature 
SILIN difference sugar/water — 1 same purity and 
sugar/water temperature 
Lanpt, VaNHoox difference ; sugar/water Same purity or same 
and others . sugar/water ratio sugar/water, and 
Same temperature 
SMOLENSKI difference sugar/100 g water Same ratio non-sugar/ 
— sugar/100 ¢g water, same temperature 
Ideal theory ratio activity solution same temperature 
activity crystal 
difference In activity in solution same temperature 








activity crystal 
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The International Commission for Uniform Methods of Sugar Analysis# 
has approved the formulation in terms of sugar/water ratios at constant 
purity on account of long established practice even though the use of con- 
stant impurities has admitted theoretically advantages. The chief of these 
is the fact that during crystallization it remains constant, aside from any 
decomposition effects®. The question is discussed in a number of recent 
papers; notably those of Srxrn® and Dusoure, SaunteR and LeMarrre’. 


2. Methods 
(a) General 


Two general procedures are possible to determine the rate of growth of 
sucrose crystals suspended in a supersaturated syrup: either time to time 
observation of the dimensions of individual growing crystals or deter- 
mination of the change in concentration of the medium. The former method 
is tedious but relatively free from any complications due to natural or induced 
nuclei generation. It is the method employed by most workers to ascer- 
tain the absolute speed of crystallization of sucrose. The second method 
is more convenient for studying the order and mechanism of growth. It 
gives true growth values only when developed in a comparative way. 


(b) Rate of Growth by Measurement of the Crystal 


Direct microscopic and projection measurements of the size of growing 
crystals or the determination of their weights have been used to ascertain 
the absolute crystallization rate of sucrose. The most extensive and con- 
sistent data obtained in this way are those of KuCHARENKO® and co-workers. 
The results are presented in full in Section 3, p. 155 ff. KUCHARENKO selected 
large (0.3 g), well formed crystals and grew them in a large excess of syrups 
of different concentrations and at various temperatures. Preheating of 
crystals, gentle agitation in a tumbling device at constant speed and adher- 
ence to many other operational details were necessary for reproducible 
results. The growing surface was computed from the relation 
Aa OF 

The constant C was assigned a value of 69.93 when P was expressed in 
g and S§ in cm®. The stated value was ascertained by tedious measurements 
of the total surface and weights of 13 crystals ranging from 139 to 2500 g. 
The spread in values of C’ was from 63.2 to 76.0. The value of the shape 
factor is subject to the morphology of the crystals. Danish workers’? have 
recently pointed out that KuCHARENKO’s value may be lower than that 
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characteristic of normal crystals; at least those obtained in commercial 
production. VANHoox has the same matter under consideration in a 
program of reevaluation of KuCHARENKO’s results. Most of the above 
workers confirm the general nature and relative validity of KUCHARENKO’s 
results but intimate that his values may be high at the higher temperatures 
and stronger concentrations. This suspicion has been recorded in the recent 
reports of the crystallization Committee of I.C.U.M.S.A. and the matter 
in question is under investigation in several laboratories at this time. 

Among direct methods for the rate of growth must be mentioned those 
based on the buoyancy of the crystal and incorporation of radioactive 
molecules. INGELMAN devised a Hooxe’s balance apparatus but earlier used 
dilatometric methods®®, Most recently, GERASEMENKO and Gotovtn21 des- 
cribe a quartz filament balance with an accuracy of 10-5, and with it deter- 
mine the C.V. of sugar solutions at 70°, 80° and 90° C. Rosrnson?22 outlines 
the determination of the speed of crystallization of sugar by means of 
tagged 14C atoms. 


(c) Rate of Growth by Measurement of the Solution 


Several workers18, 20, 23-27 have studied the kinetics of sucrose crystalli- 
zation in a relative way by means of the change in concentration of a super- 
saturated syrup in which crystal seeds are uniformly suspended. Although 


Refractometer or dilatometer reading 
Log FfF(R.1) 


Time Time 


Fig. 4/1. Course of adjustment of a seeded, supersaturated sucrose solution, followed 
refractometrically294 or dilatometrically2° (schematic), 
Fig, 4/2. Monomolecularity of crystallization velocity (schematic). The straight line 
often extending from close to the beginning to as much as 3/4 life, suggests a unimolecular 
: ._ _ reaction in terms of supersaturation — or better, activities, 
The refractive indices may be converted to sucrose concentrations by means of a cali- 
bration curve?’ which is usually linear even in the Presence of considerable concentra- 
tions of other components?4, 29, 
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any property dependent on concentration may be used for this purpose, the 
refractive index and density are most direct and convenient, especially since 
both may be ascertained on the unfiltered slurry if the grain density is not 
too great. The general type of result obtained in this way is illustrated in 
Fig. 4/1. 

The S-like nature of the curve is typical of crystallizations and other 
autocatalytic processes. The three prominent sections of the curve have 
their proper counterparts in the kinetically more significant representation 
of Fig. 4/2. In this figure semilogarithmic coordinates are used and the 
middle linear portion emphasizes the unimolecular nature of the reaction 


according to the equation 
V = k(C — Cgat.) 


The induction period of the curve has been correlated with an area producing 
action224, 25, since it varies according to the amount and size of the seed 
used. It may be completely eliminated by the use of large amounts of very 
fine seed, The final diminishing part of the curve is due to the decreasing 
activity of sucrose in the solution and also partly to a decrease in surface 
available for growth as a result of agglomeration of crystals. 

These explanations were tested in detail by VANHooK and BRoDEUR?*. 
They considered the ever increasing area term when the seed density was 
limited, in which case the final integrated rate equation became 





2 2 2 ) 
V9; ADEE 473 tan-} aeayi = 4-12 kn'/%y,2¢ + const. 





log 
I ia, 3 di 


y and y, are simple functions of the concentrations at any time ¢ and at 
saturation, and x is the seed density. This expression was tested graphically 
with the gratifying results represented in Fig. 4/3. 


om 24 


23 


2 
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225 10 20 30 40 SO 60 
Time in minutes 
Fig. 4/3. Test of final equation with data of 1/40 
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(d) Experimental Variables 


It is evident that the solubility of sucrose in the mother liquor is a most 
important parameter for kinetic considerations. This follows from the fact 
that the crystallizing potential is nothing but the concentration in excess 
of saturation. Solubility data in pure solutions are readily available?°, al- 
though even established tables are currently under investigation’ 31 on 
account of slight discrepancies. 

Ketty has already discussed in detail the solubility of sucrose in impure 
solutions (Chapter 2). For any particular natural syrup there is often a 
definite solubility pattern, as exemplified by Grut’s table. In that case the 
kinetic analysis is considerably expedited. If the solubility is unknown, it 
must be determined. This may require a separate determination especially 
in single crystal work. In seeded experiments, the solubility may be connec- 
ted with the end point of the crystallization. However, this determination 
may require extended periods of time even with pure syrups. 

In VanHoox’s laboratory, for instance, it is observed that HERZFELD’S 
solubility of 68.7% is consistently confirmed at 30° C by refractometer if 
the seed density is not high. This value is approached even after equili- 
bration for several days. A slightly lower value is indicated in the same time 
period if the amount of crystalline material is increased considerably. 

This difficulty is aggravated in the case of impure solutions and natural 
syrups; when the final adjustment occurs much more slowly than in pure 
Syrups. It is our practice to increase the crystallization footings after the 
kinetic observations have been made, in order to accelerate the attainment 
of saturation. It may be visualized that addition of water to undersaturate, 
and subsequent equilibration to saturation with excess solid, might accom- 
plish an improvement, since rate of solution near saturation is faster than 
the rate of growth. The impurity balance would be disturbed by this pro- 
cedure. 

It is also necessary, in growth experiments, that the habit of the crystal- 
lizing phase be known and remain constant during the determination. 
Ordinarily, this offers no difficulties, although minor variations have already 
been mentioned. Powers has discussed these modifications in considerable 
detail in a previous chapter but a few additional remarks of kinetic signif- 
icance may be pertinent. The most prominent example is that of raffinose 
in beetsugars. This promotes the formation of acicular forms32 according 
to the amount present. The effect on the velocity of growth has been con- 
sidered in the Great WESTERN SUGAR Co. laboratories, and also by Van- 
Hoox?%, McCurry also teports the formation and development of needle 
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grain in cane juices high in gums and pectins. The crystals slow down the 
rate of boiling, frequently break in the pan and crystallizer, and tend to 
clog the centrifugal screens. Such complaints are not uncommon to the 
sugar boiler. 


3. Rate of Growth in Pure Solutions 


(a) Concentration 


I.C.U.M.S.A.4 has recommended poo 
the adoption of KUCHARENKO’S 
values of crystallization of sucrose 
from pure solutions as tentative 
standards until confirmed and ex- 
tended. These data are available in Bano 
a number of reference works in 
addition to the original source. 
They are summarized in Tables 2a 
and 2b and in Fig. 4/4. Table 2a 
and Fig. 4/4 represent smoothed 
values, as do most other repro- 
ductions, while Table 2b gives 
KucHARENKO’s particular determi- 
nations. WIsE®"* has pointed out that 
the smoothing procedure gives an 
appearance and meaning which is 3% 1000 
not always evident from the origi- 
nal data. 

It has already been pointed out 
that several workers have verified 
the general validity of KucHa- 
RENKO’S results, although it has 
been evident for some time that . 
his results at higher temperatures Fie. 4/4. Dependenes betwee the Nites 
and concentrations are probably °%/ basis) of sucrose’. 
too high. The data are also limited 
in that they fail to continue into the ranges of temperature and concentra- 
tion employed in white sugar boiling. Some writers!*, 94, 9°, °° complain 
about the diverging and inconsistent implications which arise from 


KUCHARENKO’S results. 
The set of curves displayed in Fig. 4/4 exhibits a pronounced curvature 
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which is reduced considerably if the supersaturation is expressed in some 
sort of a ratio concentration such as sugar/water ratio, molality, mole 
faction, etc. This approach to linearity immediately suggests a growth 
equation of the form V = k(S — 1). 

The uncertainty which exists in the absolute value*® of C; leads to some 


TABLE 2b 


PARTICULAR VALUES® 














PG % Sucrose cy °G % Sucrose CN 
0 65.57 9.8 50 (pay 431 
66.01 11.8 73.26 716 
66.79 20.1 ioe 1200 
67.74 29.3 74.17 1972 
70.19 54.6 74.76 2870 
Tigi 75.4 vp. hI 4059 
20 68.04 122.4 60 74.82 386 
68.38 4128 75.10 953 
68.83 ae ey fete hei 1017 
70.09 361.4 75.47 1839 
70.76 469.0 (EE 1881 
71.98 650.6 76.04 3098 
30 69.50 188 70 76.90 1478 
70.01 369 77.18 2219 
70.41 495 77.36 2564 
70.57 552 ase 3426 
71.28 829 ioe 3621 
71.84 1160 eK: 4138 
ep ey 1433 77.83 4191 
40 71.16 298.0 78.25 7259 
71.41 462.9 
72.40 971.6 
73.28 1573:5 
Fok 2042.3 
74.32 2618.1 
74.59 2985.2 


ee ee. ee ee 


variation when the supersaturation is expressed in this way, which difficulty 
may be circumvented by plotting velocity directly against concentration. 
KucuareENko’s original data are presented in this way in Fig. 4/5. 

Fig. 4/6 reassembles the same values on one plot and one scale. The 
large scale modulus developes only the salient features of the curves, 
essentially as straight lines. This is convenient and sufficient for compara- 
tive purposes. It is relevant to point out at this time that the indicated 
discontinuities appear between S = 1.1 and 1.2 at the lower temperatures 
while the breaks occur at slightly lower degrees of supersaturation at 60° 


and 70° C. 
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Fig. 4/5. KUCHARENKO’s velocities of crystallization against molality. Solubility values of 
HERZFELD and Grur marked H and G, respectively. Multiply velocity scale by following 
factors: 10 (20°), 20 (30°), 50 (40°), 100 (50° and 60°), 200 (70°)32a, 
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The following list of papers and results will serve to appraise the validity 
of KuCHARENKO’s results. The list is complete as far as the writer is aware. 
It is presented in chronological order. 

(1) NAKHMANOVICH and ZELIKMAN?§ confirm KUCHARENKO at 70° C, 
as given in Table 3. 





TABLE: 3 
S (ratio) N+ 2Z KuCHARENKO 
1.03 1120 1300 
1.06 2360 2200 
1.09 4050 4000 
112 6900 — 


These workers report lower values than KUCHARENKO in a few experiments 
at other conditions but give no data. This is pointed out by SrLIn*®. 

(2) Honte and ALEwIJN®® confirm KucHARENKO almost exactly at 20° 
and 40° C, and supersaturations (°%) 1.025 and 1.050. 

(3) Dr Vries? determined the velocity of crystallization of sucrose from 
pure solutions at 50°, 60°, 70° and 80° C by the weighing method, and 
realized values considerably lower than KucHARENKO. BREEDVELD and 
WATERMAN? also observed the same, to even a greater extent, at 70° C. The 
patterns of their results are indicated on Fig. 4/6. 

(4) AMacasa®4 shows by a reftactometric method that crystallization 
velocities at 30° are nicely linear in terms of ratio supersaturation when the 
seed area is large. It is not possible to orient his curve in the above plot, 
since growing areas were unspecified. 

(5) THe Great WESTERN SuGAR Co. workers have measured the growth 
from pure solutions at 70° C by means of single crystal measurements. 
They also designate the transformation of linear measurements to KucHA- 
RENKO units for both normal and non-normal growth. The comparison 


follows in Table 4. 
TABLE 4 


C.V. CALCULATED 
ee 


Supersaturation For normal For non-normal 





in % terms growth growth SRCHSRENSO ; 
1.010 480 635 1700 
1.015 846, 807 982,933 2665 
1.020 1510, 1535 1720, 1750 4000 


It is apparent, again, that KUCHARENKO’s values are high. 

(6) DusourG and Saunter! measured the growth of sucrose crystals 
under the micrcscope at 10° intervals between 60 and 90° C. Their linear 
observations may be transformed to weight/area dimensions by means of 
the factors mentioned above in (5). The growth curves then assume the 
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approximate positions indicated in Fig. 4/6. The growth was considered 
to have been normal for this presentation. The non-normal factor increases 
the slope of the curves by approximately 15% but the elevated lines are 
still considerably below the corresponding ones of KUCHARENKO. 

(7) INGELMAN”® studied the crystallization of sucrose dilatometrically as 


TABLE 5 





J by: o, Rel. C.V. KucHareENKO (calc.) 








1.020 1 1 

1.027 1.38 1.41 
1.034 1.81 1.87 
1.041 2.43 2.39 





well as by the increase in weight of a mass of crystals. It is not possible to 
convert his results directly to dimensions or weight per unit area increments, 
but a relative comparison reveals that KUCHARENKO’S results are confirmed. 
INGELMAN worked at 25° C so that for comparison KUCHARENKO’s values 
are interpolated to this temperature in a log C.V. — reciprocal temperature 
(°K) way. 

This favorable comparison in the neighborhood of toom temperature 
concurs with that of AMaGasa (4) and the experience of workers in the 
laboratory of the Holy Cross College?*, 

(8) Doss and GHosH!” have measured the displacements of the «-pinacoid 
faces of sugar crystals when gtowing in supersaturated syrups at 35° and 
75.5° C. When their micrometer measurements are converted to KucHa- 
RENKO units by means of the above mentioned factor the values are very 
much lower than those of KucHARENKO’s. ‘The a-pinacoid dimension 
appears to be quite sensitive to conditions of growth. Preliminary investi- 
gations by Martrnowsky?? in the Holy Cross College laboratory indicate 
that the conversion factor is better approximated by 1 x 10° than 0.491 x 
10°, This factor transforms from mm/min to mg/m2/min and the larger one 
is used in the graphic comparison. This question of the factor of converting 
from linear to weight unit is being investigated further in the laboratory 
of the Holy Cross College under the auspices of the Sugar Research Foun- 
dation Inc. Future revision may alter the slope of the curves which have 
been drawn in Fig. 4/6; but current preliminary estimates indicate that the 
position relative to the KuCHARENKO lines will probably not be changed. 

(9) Confirmation and extension of KUCHARENKO’S data are being inves- 
tigated in the Holy Cross College laboratory. Only preliminary reports?%*, 28f 
have been issued to date. They indicate essentially the same results at 20 3 
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(25°), 30° and 40° C, with good linearity out to about S = 1.2. This is 
slightly beyond the point of marked deviations in KUCHARENKO’s curves. 
At 40° C our results begin to be less than KuCHARENKO’s, amounting to 
about 20°% at 9 molal. 

The main conclusion of the above comparison is that KUCHARENKO’S 
growth data are too high especially at high concentrations and elevated 
temperatures*. The correction cannot yet be specified quantitatively. 

It has been pointed out previously that KuCHARENKO’s growth data 
form a set of essentially linear curves when expressed in terms of super- 
saturation. However, a pronounced positive deviation appears in the latter 
portion?**. This effect is magnified if KUCHARENKO’s smoothed values are 
used in place of the original data. 

WrsE%18 has cautioned the interpretation under this circumstance and the 
question is under active reconsideration at this time. In the meantime, 
the analysis has progressed in the following way. Several explanations of an 
ever increasing crystallizing potential appear evident: 

(a) increased nucleation and induced grain at higher concentrations and 

temperatures, 

(b) accelerated growth as the result of strain or interruptions, 

(c) change in crystal morphology, 

(d) heat of crystallization, 30 

(e) increases in the activity of 

sucrose in solution 

(a) is suggested by the correla- 
tion between the usual point of 
false grain formation and the ap- 
pearance of the ‘break’ ina marked 
way in most of KUCHARENKO’S 





20 


10 





curves. This suggestion may pre- z 

sumably be rejected on account £ 

of the technique employed and © 

since KUCHARENKO mentions that ° 9% a 5 Sho 
measurements were discontinued Time in minutes 


i Fig. 4/7. Crystallization velocity of crystals 
eee ee een appeared: pseu by Aaa and by partial dissolution 


Strain does alter the rate of growth as a function of time of growth’. 
of crystals#1. Grur!® has pointed . 
out that sucrose crystals assume steady growth rates only after considerable 
addition has occurred. This effect has been duly emphasized in work in the 
Holy Cross College laboratory. One of Grut’s typical experiments 1s 
illustrated in Fig. 4/7. It has also been observed2%¢ in the Holy Cross College 
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laboratory that the rate of growth of sucrose crystals can be accelerated as 
much as 50°% by means of thermal shock. Exposure to positive temperature 
gradients appears to be more effective than the reverse. It has also been 
observed in recent single crystal experiments in the Holy Cross College 
laboratory that growth rates are often altered drastically whenever minor 
interruptions in conditions occur. Similar effects have been reported*?, 4% 
in other systems even when such disturbances are not apparent. 

The rate of crystallization varies greatly from one crystal to another. 
ByERAGER“* illustrated this vividly by means of photomicrographs of growing 
crystals and ascribes the differences to alterations in crystal habit. Minor 
habit differences are reflected in the variations of shape factors of KucHa- 
RENKO’S thirteen large crystals. It is imperative to specify the crystal form 
exactly when expressing growth date!!, 12, 


As crystals grow faster more heat is generated per unit time. If this heat 
is not dissipated completely, and the effect of increasing temperature on 
reaction velocity is greater than on solubility (as appears probable), the 
speed of crystallization will increase. This possibility has been investigated?! 
with the conclusion that even at rapid growth rates the heat of crystalli- 
zation does not accumulate in ordinary experimental set ups. 

VaNHoox?8a has advocated the last explanation but is currently recon- 
sidering its theoretical implications in view of the recent valid criticism 
of Wisz*14, In the meantime the suggestion has been regarded with suffi- 
cient significance? to justify a brief exposition here. 

The alteration in the effective concentration of suctose in solution as 
the result of hydration and tautomerism is reviewed by OrtH*>, CLAASSEN3?, 
and more recently by PEARCE and THomas?®, In effect, according to OrtH, 
equilibria of the type a-sucrose (solution) = {-sucrose (crystallizable) are 
established, and the 8-form is favored at higher concentrations. He esti- 
mates from boiling point data that the corresponding molecular equation is: 


2 C,,H,,0,, = 3 (Cis 22011) 


At lower temperatures, freezing point data indicate a more neatly mono- 
meric form of sucrose, according to Orru. In view of the rather unsatis- 
factory significance of boiling point determinations‘?, considerable doubt 
must be attached to the reality of this formula which suggests partial disso- 
ciation. The situation has been explained satisfactorily in both qualitative 
and quantitative fashions, and independent of any definite molecular form, 
in terms of the activity concept of the behavior of solutions234. This sub- 


stitution of activity for molecular concentration was dictated by the general 
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success of the activity theory of solution kinetics*®: #9 and the fatt that the 
viscosity of the syrup may not be a primary factor in the rate of sucrose 
crystallization. For in that case a saturated film surrounding the growing 
crystal loses significance and in place of the corresponding saturation con- 
centration there must be employed some property of the solid crystal itself 
which is identical with the same property of the saturated solution. 
The activity, not the molecular concentration, is such a property and 

the usual growth equation: 

Vel. = k(¢ — ¢ sat.) 
becomes 

Vel. = &(a — a sat.) 


The activity is, in effect, the concentration which must be employed instead 
of the real molecular concentration in order to validate the thermodynamic 
laws of solution. The relation between the two concentrations is defined 
by the activity coefficient 
a= ym 

where 

a = activity of the solute, 

y = activity coefficient, 

m = molecular concentration, most appropriately expressed as molality. 
The theoretical and experimental evaluation of this activity coefficient has 
been performed more extensively for electrolytes and for other solutes in 
the presence of electrolytes®® than for non-electrolytes themselves®!. No 
general behavior is found for these latter solutions, although empirically 
the activity coefficient may be represented in many cases by the theoretically 


acceptable type of equation: 
log y = bm 


where 
y = activity coefficient (of sucrose) at molality m, 


b =aconstant. 


The vapor pressure and boiling points of supersaturated sucrose solutions 
indicate the appropriateness of equations of this form. When these factors 
are put in the differential velocity equation the integrated result®* describes 
the velocity of crystallization of sucrose fairly well. 

The preliminary calculations are summarized graphically in Fig. 4/8. The 
first two are additional assemblies of KUCHARENKO’S smoothed data in 
which log-log coordinates are used in order to compress the representation. 
The upward deviations at higher concentrations ate evident in the first 
two figures, but the trend is apparently absent in the last. 

Dunnino*? has published extensive values of the activity of sucrose solu- 
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tions whose use instead of the approximate estimates employed in the above 
preliminary computations confirms the applicability of the activity con- 
cept. However, Wisk?! criticizes some details of the analysis and also 
points out the inconsistences arising from the use of smoothed data an 
supersaturations based upon HERZFELD’s solubility tables. Doss and GosH 
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Fig. 4/8. KuCHARENKO’s values for velocity vs. supersaturation in different units. The 
lines are drawn with slopes of 1 to indicate the unimolecularity23@, corrected. 


also remark that ‘since activities and concentrations of sucrose are very 
nearly proportional to each other in the range of supersaturation (up to 
1.15) studied in this work we cannot unequivocally conclude regarding 
their relative merits for correlating the growth rate’. 

The high degree of uncertainty regarding the validity of KUCHARENKO’S 
data at high concentrations and temperatures also serves to emphasize this 
conclusion. In view of this situation, the basic application of activities to 
pure sugar crystallization is under reconsideration in this laboratory and 
further reports should be following. 

In the meantime, the suggestion has been well endorsed and is also 
successful in rationalizing the complexities of crystallization from impure 
solutions. This application is discussed in a following section. 


(b) Temperatures 


Temperature exerts a profound effect upon the crystallizing rate of pure 
sucrose syrups. The growth rate of solutions may either increase or decrease 
with rising temperature according to the concentration and the temperature. 
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A good part of this effect at different temperatures is due to the strong in- 
fluence of this factor on the solubility. This complication may be eliminated 
from consideration for the time being by taking the slope of the early 
linear part of the curves in Fig. 4/6 as the specific reaction rate constant* 
according to the equation 


V = k(c = Cg) 
These rate constants are subject to the ARRHENIUS equation 
E act 
hake ee 
ot ERE 
where 
ko = a constant, 
Ect. = the activation energy associated with the process of growth. 


Estimated values of & are plotted against reciprocal absolute temperature 
on a semilogarithmic scale in Fig. 4/9. 50° C is taken as the reference tem- 
perature in order to make the results of different workers comparable. 
The slopes of the curve decrease rapidly as the temperature increases and 
the corresponding activation energies fall from about 25 kcal/mole at 0° C 
to 1 kcal/mole in the 70°-90° C range. 

These are activation energies computed according to the slopes of the 
linear growth equation V = &(m — ms), where the intercept is effectively 
the solubility. If the degree of supersaturation is introduced as S = m/7s, 
the equation becomes V = kms (S — 1). 

The corresponding ARRHENIUS equations are 


L L _AHm* 
Peat © 6Ry 





(constant crystallizing capacity) 
and 


AHs* : 
|, ee ; es (constant crystallizing potential) 


AH*,, and AH*; represent activation energies at constant molality and 
constant supersaturation, respectively. 


gs . ° ; 
, in which mg is the 





Ms AG, — Ali* 
If the ratio of these is taken, —- = e+ —— = 
Ms° fed. 


solubility coefficient with respect to a reference value m;°. Ordinary solu- 


AH 
bility theory defines this as e — RT; in which expression AF is the heat 


of solution. The difference in the two activation energies is then nothing 


* This expedient eliminates the uncertainty attending still doubtful solubilities and 
supersolubilities. This latter approach was the one followed in an earlier analysis’*®; 
which computations also employed 30° C as the base reference temperature. 
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but the heat of crystallization. Being as this is an exothermal quantity for 
sucrose, it must be added to AH/*m in order to yield AH/*s. The heats of 
crystallization of sucrose are estimated from HrrzFELp’s solubilities to 


increase from approximately 1 kcal/mole at 20° C to 3.5 kcal/mole at 90° C. 
These ate somewhat lower than 
observed2*4 or calculated from im- 
proved data*!» but are to be used 
in transposing the above activation 
energies to the same tentative super- 
saturation basis. The activation 
energies at constant supersatura- 
tion become accordingly 26 kcal/ 
mole at 0° C and 4.5 kcal/mole 
at 90° C. The complete change 
over this same range of temperature 
is given in Fig. 4/10. 

This newly computed curve does 
not differ greatly from that previ- 
ously reported?4, The relative 
refractometric data of WHITTIER 
and GouLp®® are estimated to 
parallel KUCHARENKO’S values from 
0° to 30° C, so that the activation 
LO Sa) aes arta energies would also concur. Doss 
. 1.7 ae and GuosuH!’ similarly report an 
Pig Teppemtaereoeicenscfrateoferye activation energy of less than 5 
x = De Vriss!*, o=VaNHook é¢ ai. refracto- kcal/mole from their micrometer 
meter?#4, 4 —VANHook ef a/. single crystal determinations at 35° and 75.5° C 
measurements??£, 0o=DusourGand SAUNIER?®, : 
kg at 60°C; Rat 80°C = 1.25; kat 90°C = 0.53, Most recently, GERASEMENKO and 

GOLOVIN?! report measurements of 
sucrose growth velocities by means of an elastic quartz filament. The 
velocity in pure solutions at 70° to 90° C increases linearly with the 
coeflicient of supersaturation. The ten degree index is 1.25 from 70°-80° C 
and 1.3 from 80°-90° C. These correspond to energies of 5 and 7.5 kcal/ 
mole, respectively. 

The curve in Fig. 4/10 represents the manner in which the crystallization 
velocity depends upon temperature. However, this particular curve must 
be regarded as being provisional only. It is based upon widely divergent 
growth data, especially at the higher temperatures as well as solubility 
values which are subject to revision. 
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(c) Strring 


Opinions differ concerning the influence of stirring and agitation upon the 
crystallization velocity of sucrose. Experiments on this question have lead 
different investigators to conclude that there is either a pronounced effect or 
relatively none—noncommital deci- 
sions being relatively few. This 
situation immediately suggests that 
conditions and circumstances are 20 
not uniform and comparable, so 
that opposing conclusions are not 
necessarily contradictory. Ls) 
In the English version of his works, 
KUCHARENKO states: ‘To judge of 
the dependence between the crystal- 
lization velocity and the velocity of 
rotation of the axis of the thermostat, 
we have not yet obtained the necessary 
data.’. All his experiments were con- 


25 





Eacy.- Keal.n iole! 
oO 


ducted at the same speed of rotation. 
we OG 20 40 6O BO °C 
On the positive side, SAVINOFF* Temperature 
found that the rate of crystallization Fig. 4/10. Activation energies of growth, 


; viscosity, and diffusion at constant super- 
of sucrose could be increased fivefold saturation. : 


by stirring at 100 r.p.m., but that 

further increases were not realized above 400 r.p.m. AmAcasa®* also 
reports that crystallization is increased by stirring and, accordingly, standar- 
dized his refractometric work at 15 r.p.m. DusourG and Saunter!° found 
that rapid versus no stirring tripled the rate of growth at 50° C. 

The advantages of good circulation in pan boiling and crystallizing are 
evident®4; 55 but do not necessarily signify enhanced speed of crystalliza- 
tion23!, CLAASSEN? questioned the practical utility of stirring in opposition 
to SPENGLER’s opinion®*®. Recently Drrmar-JANssE%’ claims that forced 
circulation is not necessary in pan boiling. The advantages of this arrange- 
ment ate probably unique to the design and construction of individual 
pans®8, BrrcH-IENSEN®® notes that agitation of massecuites becomes less 
important at low temperatures. 

Also on the negative side, De Vrres!® found that agitation had no 
appreciable effect on the crystallization velocity of sucrose at 70° C when 
constrained within the usual range of motion; but that an increase occurred 
when the motion of the crystal with respect to the liquor was rapid. SILIN 
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and S1LINA®6 — strong advocates of the diffusion theory of growth — remark 
that slow stirring has no effect on the crystallization rate at 40° C. Davies 
and YEARWOOD® observe the growth velocity to be approximately doubled 
upon increasing the stirring rate from 1 to 5 r.p.m. but find virtually no 
further change at 25 t.p.m. ZHVIRBLYANSKI and coworkers state that 
stirring has no effect upon growth rates in the laboratory®!, and GHosuH and 
Doss note the same at 35° C over a range from 2 to 11.5 r.p.m.17. NAvEAu® 
shows on crystallographic grounds that agitation should have no effect. 
HUNGERFORD’S results®? amount to less than a 10% increase in crystalliza- 
tion rate upon quadrupling the speed of his piston type stirrer. 

VANHoor’s earliest experiments?%* indicated a dependence on the inten- 
sity of agitation, which, however, disappeared when the seed density was 
increased. Later single crystal trials at 70° C yielded similar results; namely, 
the effect at low stirring speeds diminished rapidly as the speed of rotation 
was increased. The empirical equation: V = «VP represented the results, 
a and fs being constants, and N the speed of rotation. The value of 8 varied 
considerably but was at most only 0.25 over the complete range from 0 to 
3000 t.p.m. This limit of stirring frequency was later extended in inves- 
tigations**! on the effects of sonic and ultrasonic irradiations on crystallizing 
sugar syrups. At 8 kcycles/sec and 30° C, the increase in rate of deposition 
on single crystals was not greater than that accomplished by rotating the 
same crystal at 200 r.p.m. 

In reviewing these various investigations on the effects of agitation, it 
seems to the writer that they have not extended over sufficient temperature, 
concentration, and stirring speed ranges. The partial results intimate that 
the effects are not drastic at ordinary temperatures and over protracted 
stirring conditions. These are significant patterns which pertain to the course 


of crystal growth and will be considered in the next section on mechanism 
of reaction. 


(d) Mechanism of Growth 


Impurities change the velocity of crystallization of sucrose from solution 
according to their kind and amounts. Combinations of different impurities 
are equivalent to natural cane and beet juices, so that this subject is one 
of paramount importance to the practice of sugar boiling. It is treated 
separately in detail in the following section. The question of the mechanism 
of growth is pertinent at this time. 

The growth of a sucrose crystal within the body of supersaturated syrup 
obviously involves the transport of the units of construction to the erowing 
surface and the accomodation of these units into the proper position in 
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the crystal lattice. If either of these two consecutive steps should be consi- 
derably slower than the other, the overall process will appear to proceed 
at essentially this same velocity. 

The Noyes-Wuritnry-NErnNstT theory of reaction rates proposed that 
the transport operation dominated in heterogeneous reactions. In the case 
of dissolution or crystallization, a film of saturated solution would be esta- 
blished at the traveling interface, since adjustment within this zone would 
be prompt. The resulting rate of dissolution would be dictated by the rate 
of diffusion from this layer to the medium; and the reverse crystallization 
by an equivalent counter diffusion. 

Satisfactory proof of the applicability of this diffusion layer theory was 
obtained from early experiments on the rates of solutions of metals in acids, 
interaction of metals and iodine, etc.49; but later more critical work** 
was not as convincing. Marc’s exhaustive studies on the velocity of crys- 
tallization from aqueous solutions®® also demonstrated that the fluid film 
theory was not adequate in all instances. Later work®® on many other 
systems confirmed that diffusion is not the universal controlling step in all 
crystallization processes. 


(i) Diffusion 

DeprEx® has compared the rate at which sugar crystallizes to that at which 
it becomes available at the growing surface by diffusion. Table 6 is compiled 
from his computations at a fixed supersaturation of 1.05 g/cm’. The last 
‘row of figures suggests that excess sugar is available at the interface at low 
temperatures, but that this advantage is reversed above 50° C. 


TABLE 6 


CRYSTALLIZATION VERSUS DIFFUSION FOR SUCROSE? 


Temp., °C 20 30 40 50 60 70 80 
Sugar crystallized 

g/m?/min O49 24130 21..54  .13.5, 30 — 
Sugar available by 

diffusion, g/m2/min 10.8 5.9 52 2.5 Lo wes — 
Diffusion/crystall. 25 aaa 21 570.5 0.2 0.03 (0.002) 


VanHoox has reached essentially the same conclusion by comparing the 
activation energies of crystallization, diffusion, and viscosity?** 234. In this 
respect these quantities are regarded as the energy barriers to the respective 
processes and therefore express the speed with which they take place. 
Lower values signify easier or faster reactions. These will have little influence 
on the net rate of reaction if the activation energy of a preceding or following 
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step is considerably greater. The comparison is presented in Fig. 4/10. 

The energy of activation of diffusion is recalculated from the data of 
VaNHook and RussEL2%k, These workers were unable to measure diffusiv- 
ities of supersaturated syrups in their porous disc equipment, since the 
irregular surface induced crystallization and stoppage of flow. The highest 
concentrations for which diffusion coefficients were evaluated were still 
a few percents undersaturated at the 8.3° to 87.2° C range. Nonetheless, 
the data were extrapolated to a constant supersaturation of 1.05 (°% basis) 
to estimate a linear activation energy curve which extended from about 
5 kcal/mole at 20° C to zero at 55° C. In the present computation, the 
slopes of the log diffusion coeflicient-reciprocal absolute temperature curves 
at the highest molar concentrations and extremes of temperature lead to 
activation energy extremes of 3 and 6 kcal/mole at the 90° and 10° C 
levels. The solution was 99° of saturation (°% basis) in the former case, 
but only 85% in the latter. The activation energy at saturation and 10° C 
is probably higher by 1 or 2 kcal on account of the greater undersaturation®’. 
This estimated correction is included in the schematic curve in Fig. 4/10. 

The approximate validity of this newly estimated curve is substantiated 
by the results of ENciisH and Dote®’. An interference fringe method was 
employed, and supersaturated solutions were studied to S = 1.22 at 25° C 
and S = 1.13 at 35° C. The lower limit of concentration was at 60 weight 
% ot S = 0.71-and 0.66 at the two temperatures, respectively. Within 
these limits the activation energy of diffusion increased slightly from about 
7 to slightly over 8.5 kcal/mole; or in round numbers 8 kcal/mole at satu- 
ration. 

Only qualitative conclusions may be drawn from the diffusion and 
growth curves of Fig. 4/10. It is clear that the divergence is marked at 
low temperature but that the difference diminishes rapidly as the temperature 
increases. The provisional nature of the growth curve and the approxima- 
tions involved in fixing its diffusional counterpart, allay quantitative esti- 
mates of the temperature at which diffusion begins to exert a profound 
influence on the growth rate. It is also necessary to recognize the possibility 
that only part of the integral diffusion coefficient may be significant in the 
operation under discussion, so that a complete elucidation of this question 
awaits the resolution of the diffusion coefficient into its many components®8, 


(i) Viscosity 


The ee understanding that viscosity controls the crystallization of 
sugar®, *%, 69, 79, 71 implies the operation of a diffusional mechanism. The 
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relationship between the two is a reciprocal one, according to the SToKEs- 
EINSTEIN function, but this has not been found to be exactly true for strong 
sugar solutions?*, 67, The uncertainty in viscosity values in the super- 
saturated range and at higher temperatures may also modify their application 
in the present instance’. 

In spite of these objections, VANHooxK?** has compared the energies of 
activation of viscosity, diffusion, and growth, with the conclusion that the 
former two are considerably less than the third over the usual temperature 
range. The comparison was made at a constant supersaturation of 1.05 
(°% basis) and the three curves approach a common low level only at ex- 
cessively high temperatures. The viscosity curve on Fig. 4/10 is recomputed 
on a ratio basis of supersaturation, according to the following considerations. 

Fig. 4/11 is a semilogarithmic plot of viscosity against reciprocal absolute 
temperature. The data at S = 1.0 (saturation) are taken from PAYNE’s 
compilation on p. 433 of Vol. I of this book. The other values are inter- 


Viscosity 





Fic. 4/11. Viscosity —temperature curves for pure sucrose solutions. S ==, 1,00 .4see 
e ‘ Vol 1, p. 433); S = 1.1 — 1.3 (see ref, ™). 


polated from Lanpt’s recent paper?? on the viscosity of pure sugar solu- 
tions. The numbers are activation energies calculated between the respec- 


tive points. . - 
The supersaturations are expressed with respect to HERZFELD Ss solubili- 
ties. When mote recent, and probably more correct, solubilities are employed 
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the curves are essentially the same at preliminary temperatures but lead to 
smaller energies of activation at the higher temperatures (Table 7). 


TABLE 7 


ACTIVATION ENERGY AT SATURATION ACCORDING TO DIFFERENT SOLUBILITY DATA 
(calculated from Vol. I, p. 433) 





Temp. 
range, ~C HERZFELD GRUT TAYLOR 





20-30 6.4 kcal kcal 
30-40 4, 
40-50 3; 
50-60 sf 
60-70 ; y 


70-80 


NonpAH 
ONArPfO 


a 
4. 
se 
2. 
0. 
—3. 


It is also apparent (Fig. 4/11) that activation energies at a given temperature 
increase slightly with increasing concentration, so that the viscosity curve 
in Fig. 4/10 must be regarded as only very approximate. Together with the 
diffusion curve it displays a marked difference with the growth curve at low 
temperature; which deviations diminish as the temperature is increased. 
Plots, such as Fig. 4/11, for saturated beet juices at different purities reveal 
that the activation energies at 90 purity are approximately the same as white 
sytup; while at 80 purity and less (to 65) the values are much lower, and 
even relatively negative’. This suggests that transport considerations do 
not dictate the growth rate at ordinary temperatures, but do become more 
significant as the temperature increases”, 

This inference cannot be regarded as unambiguous since many instances 
are known in which activation energies are not compatible with corre- 
sponding processes*®, There are, however, other qualitative indications 
that diffusion and viscosity do not play the dominant roles in the growth 
of sucrose from pure?%, 28> and impure solutions?>, 45, 74, 


(iit) Added Colloids 


If a physical process was the rate controlling step in sucrose crystallization 
we would expect any agent increasing the viscosity to cause a decrease in 
the growth rate, and vice versa. This correlation is not observed in the 
case of added electrolytes®4 or invert sugar. The addition of the latter to a 
supersaturated solution decreases both the crystallization and the viscosity. 
Gum acacia? 109, dextran, pectins234, carboxy-menthyl cellulose!? and 
other colloids?® 199, when added to Syrups augment the viscosity tremen- 
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dously — even to the gelling point — yet have relatively little effect upon 
the crystallization velocity. 


(iv) Strring 


The influence of agitation on the rate of heterogeneous reactions often 
reveals the course of their progress’ 76, 
It is generally recognized that reaction rate is a power function of the 
rate of stirring 
K=« nP 
where 


K = velocity constant 
WN = rate of stirring 
o & PB = constants. 


When the reaction is diffusion controlled 8 approaches unity, while other- 
wise assumes zero or very low values. It has already been seen that f 
has values of only 0.25 or less for sugar crystals growing under normal 
conditions, so that it may be inferred that interfacial rather than transport 
factors prevail. However, it must be recognized that even this low value 
of the exponent varies considerably over the entire range of stirring speeds, 
so that the relative importance of these two steps will change accordingly. 
The influence of temperature is also incompletely known, so that the entire 
question is one requiring more detailed and outlined examination. 


(v) Crystallographic Considerations 


The fact that crystals preserve their habits when growing has been raised 
as an objection to the diffusion theory®*> °°. Since ordinary macro-diffusion 
is isotropic in space, the growing crystals should assume a spherical shape 
if only diffusion were important. This is not the case with sugar crystals 
under normal conditions of growth. On the other hand, this spherical form 
may be approached”? in the partial dissolution of crystals. This and other 
evidence to be discussed presently suggests that the dissolution process 
is diffusion controlled. But it is also known that the ratio of the rate of 
solution of sucrose is greater than that of growth at equal degrees of under- 
saturation and oversaturation, respectively; so that the same mechanism 
is probably not operative in both cases. 

An outstanding feature of the Nernst theory is the explicit formulation 
of the specific reaction rate constant in terms of D/8; where D is the diffu- 
sion coefficient and 8 the effective thickness of the fluid film. The thickness 
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required in many heterogeneous reactions is usually about 20-40 pu, while 
DeveEk® calculates 183 p at 20° C, decreasing to 13 w at 70° C for sugar 
solutions. While these dimensions are unrealistic, MoELWwyN-HuGHEs??® 
considers the uniformity of size as consistent with a diffusion process. 


(vi) Summary 


It is impossible to draw any unassailable conclusions from the above dis- 
cussion. The partial circumstantial evidence presented suggests to the 
writer that the transport step is relatively unimportant at low temperature, 
but that this interpretation is reversed at higher levels. The orientation 
and the diffusion processes appear to proceed at about an equal pace around 
50° C, More extensive and detailed data on the rate of growth under 
these conditions are required to resolve the complicated kinetics of this 
dynamic process. The microscopic and supermicroscopic examinations 
initiated by Powers (see Chap. 1) will be most useful in formulating a de- 
tailed account of the actual course of growth of sucrose crystals. 
a ad 


4. Impurities 
(a) General 


The variety and amounts of impurities that may be added to sugar solutions 
or to be found in natural syrups are almost without limit. The effects of 
these additional constituents on the crystallizing behavior of solutions are 
most important for theoretical and practical purposes. It would seem that a 
synthetic approach to the ultimate complexity of natural cane and beet 
syrups might have some advantages over an analytical advance by virtue 
of supplying more direct and specific information. For this purpose it is 
convenient to classify impurities as either electrolytic or non-electrolytic. 

The electrolytic constituents are principally the soluble ash components 
of the natural juice; which, while variable in amount, typify the source 
material. The non-electrolytes are the non-sucrose sugars and the non- 
sugars. They are in part degradation and hydrolytic products of the original 
taw juice; together with natural gums, waxes, colloidal material, etc. 
Nitrogenous materials?6, 8° are prominent in natural syrups and consist of 
a wide variety of solutes whose behavior extends from one extreme to the 
other on the polar scale. The outstanding non-sucrose sugars are invert 
in the case of cane products and raffinose in beet juices. 

In general, all impurities impede the crystallization velocity of sucrose. 
Only few exceptions to this usual effect have been reported, and these are 
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small and pertain exclusively to electrolytes. DuBsourG and SAuNIER!, for 
instance, studied the effects of NaCl, CaCl,, and Ca(NO,), by direct micro- 
scopic measurements. While these salts depress the velocity in almost all 
cases, there are a few reversals at higher temperatures. KAuzNETzov®! 
observed the effects of K,CO 3, Na,CO3, Ca(NO3)5, CaCl,, and Ca aspartate 
and found that all but CaCl, retarded the crystallization, CaCl, actually 
accelerating it. This increase may be an electrolytic effect as discussed 
presently or it may be a complication connected with saccharate formation®?. 

KuCHARENKO® observes CaO and Na,CO, to retard the crystallization 
velocity of sucrose, while CaCl, has a positive, negative, or indifferent 
effect according to its concentration. AMAGAsA?* reports on NaCl, KCl, 
Na,CO3, K,CO;, Na,SO,, Na and KC,H,O,. He concludes that ‘carbo- 
nates have the strongest retarding action on the crystallization of sucrose’. 
Chlorides and acetates follow in the order named. Na,CO, shows an unusual 
behavior. K-salts in general have a greater retarding action than Na-salts. 
His results with NaC,H,O, show an acceleration up to about 1% added 
salt and thereafter a steady impeding action. AMAGASA was unable to corre- 
late the velocity effects of added electrolytes with either the viscosity or 
solubility changes, but he did point out that some of the discontinuities 
occurred at approximately the same concentration as the inversion of the 
solubility coefficient. SuzuxK1®* has reported that traces of Mn- and Co-salts 
lower the viscosity of concentrated sugar syrups, shorten the evaporation 
and boiling times and thereby effect heat economies and reduce the rate of 
inversion. If true84 ‘some effort may well be expended to verify the findings 
of this investigator’®>. Other instances of beneficiation of sugar crystalli- 
zation are described by Mrrcev and SANDERA®®, and by BRIEGHEL-MULLER®’. 
These also involve the addition of electrolytes to the strike. This unique 
situation is one of the factors which suggested the activity hypothesis which 
will be discussed presently. 

No abnormal features appear to attend the addition of non-electrolytes 
to crystallizing sugar solutions. Of the materials known to occur widely 
in molasses, KUCHARENKO® feports specifically the effects of caramel and 
p-glucose; SomMER®’, AFFERMI®® and Gartno8? on amino acids and coloring 
matter. VANHooxK23, and CavaALLaro and MANTOVANI2® examine invert 
sugar, dextrose, levulose, nitrogenous compounds, and various other 
additives. SANDERA}, DeEDEK?°, NAKHMANOVICH and ZELIKMAN’S, and 
BresELAER®4, and others generalize by stating that organic substances slow 
up the speed of crystallization of sucrose. nove 

The general pattern of rate decreasing with purity appears valid in the 
cases of natural cane and beet juices. The literature is much more abundant 
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on the crystallization velocity of sucrose from natural syrups than from 
synthetic syrups of specified constitution. In addition to being cone 
inmany of the papers already mentioned®: 1°, 13, 14, 18, 27, Bee aes i Sl. ai ae og : 
the subject is treated exhaustively in many additional publications, chiefly with 
regard to sectional, seasonal, manipulative, etc. variations11, 12, 36, 42, 93-99, 


Velocity of crystallisation 





Purity 


Fig. 4/12. Effect of purity on the crystallization velocity of suctose18, {he numbers on the 
cutves are degrees of supersaturation. 


While ‘the chemical differences in composition of (beet) juices which 
cause one syrup to be better than another (in crystallizability) are not known’! 
it is evident that the rate increases rapidly with increasing purity. For 
example; with a particular syrup the rate at 95°, purity was approximately 
one-half that of pure sucrose, and at 80%, purity one-ninth!4, 97, 

Some representative data are given in Table 8 and Fig. 4/12. 


TABLE 8 
EFFECT OF DIFFERENT PURITIES ON THE CRYSTALLIZATION VELOCITY OF SUCROSE!8 
Degree of supersaturation 


Purity) 1.03 1.06 1.09 TAZ r5 1.18 1.21 1.24 
| C.V. in mg/m?2/min/70° C 








100 1120 2360 4050 6900 — — — —~ 
92 | 620 1540 2390 2850 3300 3750 4180 — 
80 235 415 580 710 840 975 1105 1235 
70 40 65 85 105 125 150 170 192 
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Although wide differences in absolute rates of crystallization of different 
syrups under identical conditions of temperature, supersaturation and purity 
exist, and also some slight variations in the general form of these curves}, 
it is evident upon even casual inspection that the form presented in Fig. 4/12 
is a general one. As discussed by Nees and Huncerrorp!®: ‘Although 
the rates of crystallization from different syrups are not uniquely fixed by 
their purities, the general similarity of the pattern of the rate curves suggests 
the possibility that if we construct a family of curves for a representative 
syrup and then determine the rate for another syrup at a given purity, a 
new family of curves for the latter may be fairly accurately determined by 
transposition. This sort of transposition can hardly be defended except on 
the grounds of expediency’. 

Before attempting to rationalize this pattern and the unique conditions 
pointed out above, the changes produced by the addition of different types 
of impurities may be summarized as follows. 


Electrolytic impurities 

(1) The velocity of crystallization is diminished®:1°13,23,24; higher con- 
centrations being more effective!® but not proportionally so8?.%, 

(2) Similar salts have about the same effect at equal molal concentrations, 
and higher valent salts are more active1. 

(3) Hygroscopic salts are equally effective in reducing velocities!*. Potas- 
sium salts seem to demand special considerations according to some inves- 
tigators, and this may be associated with their non-hydroscopic nature. 


Non-electrolytes 
This type of impurity decreases the crystallizing speed of sucrose to a 
lesser degree as the amount increases. 


Natural syrups 
The pattern is the same as in the preceding case, with some uniformity of 
behavior for juices of the same kind and similarities in composition. 


(b) Activity Theory 


The solubility of sucrose in water is altered by the addition of a second 
solute; being most prominently either increased or decreased by different 
electrolytes?. CaCl, displays both effects according to the concentra- 
tion}, 101, This same reversal is also reported for several other electrolytes 
by AmaGasa?4, and similar patterns are observed in the solubility-purity 
relationships of cane and beet molasses®, 10? 19%, 

On the theoretical side, the solubility of a given substance in different 
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media may be represented by a constant activity of the saturating phase even 
though the usual solubility itself may vary. The former ‘thermodynamic’ 
and the latter ‘molecular’? concentrations are connected by the activity 
coefficient y; a = ym. The solubility pattern of a particular substance may 
therefore be expressed in terms of the equivalent activity coefficient, y. 

Activity coefficients of electrolytes display 
minima such as depicted in Fig. 4/13, whlie 
those of non-electrolytes usually vary mo- 
notonously with the first power of the con- 
centration. The similarity between these 
patterns and the solubility relationships of 
sucrose described above first suggested 
the possibility of interpreting the crystal- 
lizing behavior of sugar solutions on the 
basis of an activity theory. 

I. The hypothesis was originally ap- 
plied to the case of pure sucrose solu- 





Fig. 4/13. Activity coefficients of ~. 
eleciPolyres iia tions?34@ and then to sucrose-salt?3@ and 


other systems?#4, It is now realized that 
the first case needs critical reexamination in the light of more recent 
activity and growth data (vide infra)*°. 
In the case of impure solutions the activity theory starts with the reason- 
able assumptions of: 


log y, = bm 


log Y2 = Bu 
log y,; = BM 


The first definition refers to pure sucrose solutions, y, = activity coefficient 
of sucrose in this state at concentration ~ (molal), ) = a constant. The 
activity coefficient in the presence of electrolyte y, is changed according 
to the amount of salt added, » - yu, the ionic strength, is defined as p = 


2UM 21", Where 7 = molality of each ion of charge z. Similarly, addition 
i 


of non-electrolyte to the amount M/ molal changes the activity coefficient 
according to the third equation. 8 and B are constants. 
The activity coefficient of sucrose in a solution at ~ molal, to which 
electrolyte to the extent . has been added, will be: log y = bw + 8u. 
The rate of growth of sucrose from pure solution and from the same 


solution in the presence of electrolyte may be represented in activity terms 
by the equations 
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V pure a A(apure — gat.) 
Vimp. = A(aimp. — agat.) 


The fact that pure sucrose of the same activity crystallizes out in each 
case is recognized in the difference of these two equations, namely 


Vpure as Vimp. = A(apure om dimp.) = km onl = eB) 
This difference equation is not as advantageous as the ratio 


Vimp. _ 4mp. — 4sat. 





V pure 4pure — 4sat. 


If the gross approximation is made that the common activity at saturation 
is small compared to that in the actual solutions of the same sucrose molality ; 


Zimp. _ Yimp. 





el 


@pure Ypure 


log Rel. V = Bu 


The data of Amacasa (Fig. 4/14) 







? 

are seen to comply roughly with 9 é 
this equation; except for sodium = aa 
sulfate which he mentions as being 206 
<’ 04 


unusual. : 
Il. VANHooK224 has also tested 10 20 30 uz 


— oe DEMERS a oneal Fig. 4/14. Effect of electrolytes on velocity 
of salts. While exact agreement is constant at 30° C. Data of Amacasa®, 24, 





ar far PesNaCl awe RCL & = Na SO, v'K,CO; 
not found, it is gratifying to observe en SOR NaCh,Oz, 
an approximate linear pattern espe- QO = KC,H,O.. 


cially as the powerful valence factor 

is featured. A more detailed analysis of the nature of the # factor, based on 
the Desye-Hiicxet theory of electrolytic interaction, revealed the require- 
ment of an initial increase in growth at low salt concentrations, and this 
was also observed? 234, 

Ill. The combination of sucrose and non-electrolyte is similar to the 


above case with the final equation being 


log Rel. V = BM 


The approximate linear pattern on a semi-logarithmic plot of a wide variety 
of such additives to a considerable concentration is illustrated in Fig. 4/ 15. 
IV. The case of sucrose-salt-non-sucrose is of special interest, since this 
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combination is equivalent to natural juices. The equation for the activity 
coefficient of sucrose in such solutions is: 


log y = bm + Bu + BM 


The velocity with which sucrose forms from this solution relative to the 


2 4 6 


Ou 


0.05 


Relative CV 





8 10 12 
Molality 


Pig. 4/15. Effect of non-electrolytes on the crystallization velocity of sucrose. _-= 
invert sugar and its separate components: phenol, aniline, ethyl alcohol, etc.; the circles 
ate typical experimental points. --x-- = betaine; —o— raffinose. See. ref 234, 


rate from pure solution at the same sucrose molality will be 


log Rel. V = Bu + BM 


Since the ratio of impurities remains fixed for any real juice, aisde from 


decomposition, we may combine the impurity terms and write this equa- 
tion as 
log Rel. V = il 
where 
ZI = concentration of impurities, 
7 = a factor expressing their effect upon the crystallizing potential of sucrose. 


VANHook at first designated this term a melassigenic factor, but now 
considers BriEGHEL-MULLER’s suggestion of retardation factor as more 
appropriate!, 

Fig. 4/16 illustrates the behavior of several representative natural juices 
according to this proposition. The agreement in these and similar cases is 
again not perfect, but the pattern of approximately straight lines is generally 
typical. This has suggested a method for evaluating the crystallizing qual- 
ities of different sugar house liquors according to their 7 values?. 
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(c) Factory Work 


The ultimate purpose of crystal growth theories, in so far as practical con- 
siderations are concerned, is the understanding and improvement of 
operations at the pan and crystallizer stations. Some speculations in these di- 

10 


O5 


Relative CV 





500 1000 1500 
Impurities g/1000g water 


Fig. 4/16. Relative crystallization velocity of typical sugar house syrups. (if a molecular 
weight of 200 is assigned arbitrarily to the molasses constituent, these curves are com- 
parable to those of Fig. 4/14 and 4/157*4), 


rections have been made?2*»: 231, 231 but only two additional will be offered here. 

The retardation factor 7 has already been defined as the proportionality 
factor between crystallization velocity and concentration of impurity in 
natural syrups. Should the explicit formulation suggested prove to be in- 
exact, it seems likely that some similar intensity factor would express the 
character of the melassigenic components of natural syrups. It would then 
remain to evaluate the functional dependence of this quantity on the con- 
centration. The appropriate thermodynamic procedure is available®?, only 
more extensive and detailed data are required. In the meantime, the simple 
semilogarithmic relation is being investigated and exploited’. 

It has been found empirically that the optimum operating condition in 
crystallizers is realized at constant supersaturation of the mother li- 
quor24i, 196, 107, Tn this instance we may regard the velocity of growth V 
as being determined chiefly by the crystal area A and the supersaturation 
S; namely V = kAS. 

This expression will have a maximum value in time when 

dV dA ds 


—_=kS —+kA—=0 
dt dt - dt 
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Now, the weight of crystals is proportional to their diameter cubed while 
the area is proportional only to the square. The weight is then proportional 
to the 3/2 power of the area. The increase in weight with time, dw/dz, 
which is also the decrease in supersaturation, —dS/d/, is then proportional 


dA BS 
to At Pe Inserting this term in the above condition for an extreme 
Lt 
Smax. = const. .4°* 


If no false grain is forming, and since the area of the relatively large crystals 
is changing only slowly, we have the conclusion that the optimum cooling 
rate is one which maintains a relatively constant supersaturation!?4, A 
similar conclusion results from consideration of purity changes!®, 


5. Dissolution 


The dissolution of sucrose in water is presumed to be a diffusion controlled 
process. However, the process is not isotropic, as demanded by the Noyes- 
WuitNey-NErRNnsT tule, since the different faces dissolve at different rates ®®, 
This is immediately evident from the etch-figures presented by PHELps?°7, 
Those on the left, truncated, prism faces are aligned along the central 
b-axis of the crystal, while the etch-figures on the right end prisms are 
normal to this axis. The faces are not equivalent crystallographically 199,110] 

KUCHARENKO® measured the rate of dissolution of sucrose crystals in 
almost saturated solution at 60° C. In expressing the results he does not 
use the same rate units as in his growth determinations because the surface 
of the crystal became engraved during solution. By assuming the same 
shape factor (4.12) for both processes, Table 9 is assembled from Kucua- 
RENKO’S data. 


TABLE 9 


KUCHARENKO’S SOLUTION AND CRYSTALLIZATION VELOCITIES 
—eGV"oO——eeeeeeeeeeeeee— 


Coeff. of Solution Crystallization 
supersaturation velocity velocity 


(% basis) 





0.9896 4800 720 
0.9813 8620 1980 
0.9754 14500 3000 


eee 


The crystallization velocities are five or more times the solution rate at 
equal displacements from saturation, whether the supersaturations are 
expressed on a percentage or ratio basis. 
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HUNGERFORD!! suggests that the difference may be explained in three 
ways: 

(1) Nearly seven times as much surface is exposed due to engraving 
of faces. This is exceedingly unlikely. 

(2) The viscosity is sufficiently lower to permit more rapid diffusion 
of sugar away from the crystal. It can be shown that this, too, is unlikely 
if not impossible. 

(3) Deposition of molecules on a crystal involves some time consuming 
orientation which is not required in the process of solution from a crystal. 

KUCHARENKO emphasized the role of the etched surface and in a separate 
experiment at 20° C determined the rate of growth of crystals whose sur- 
faces had been enhanced by partial dissolution. At coefficients of super- 
saturation of 1.025 such crystals grew at first about twice as fast as after 
growth had proceeded for some time. Grur® found a ratio of 3 to 4 at 
40° C and S = 1.06. If these differences are taken into consideration, the 
ratio of solution to crystallization velocity still remains at least 2 to 1. This 
is approximately the same as found by VANHooxK?%» when comparing the 
two processes with 75 purity cane and beet molasses at 6°%, displacements 
from saturation at 30° C. 

This ratio disfavors the role of diffusion in growth in contrast to its 
operation in the solution process, but the margin of preference is not large 
nor is it well defined with respect to temperature and concentration. This 
is one more question that warrants further experimental investigation; the 
results of which should pertain directly to a clearer understanding of the 
mechanism of growth and dissolution!?%, 11, 

SANDERA!® has used the diffusion theory of solution to account for the 
tate at which sucrose crystals dissolve in water. The speed of solution & 
is directly proportional to the weight of sugar and inversely proportional 
to the surface p and time ¢ 


Mm 


vests 
pt 


Since the surface p is directly proportional to the 2/3 power of the weight 


where K = shape factor of 0.203 common to the normal sucrose crystal. 
This equation was found to fit the observations satisfactorily. The influence 
of temperature was studied later!, and from the simple relationship: 
k, = 0.05¢ one computes a 10° C coefficient of 1.33 in the 30° range. Here, 


Bibliography p. 184-187 


184 KINETICS OF CRYSTALLIZATION CH. 4 


k, is a specific reaction rate constant at ¢° C. The coefficient corresponds to 
an activation energy of 5.7 kcal/mole, which value is agreeable to a diffu- 
sional mechanism. 

Dissolution considerations ate applicable in the affining of raw sugars, 
pan boiling®!, 92, 112,113, treatment in the crystallizers, washing in the 
centrifuges, and in the recrystallization which occurs in the fabrication 
of cubed sugar!4 as well as in the caking of crystals'°®. On the experimental 
side, Hupson™® has employed the method of maximum solution velocity 
to resolve the isomeric composition of many sugars. KaGANov1® finds 
that the rate of solution of K,Fe(CN), in sugar solutions undergoes a marked 
change above 19°, water content. This point corresponds to a molar 
sugat/water ratio of 4.5, which is just about the accepted degree of hydration 
of sucrose in water. 

The viscosity of massecuites is especially important in crystallizer and 
centrifugal work. There is a minimum for optimum operating efficiency 
which may be attained either by dilution or heating? 117, 118, 119. The 
latter operation is found by practical experience to be the more effective. 
But some water is required for washing, and the possibility of dissolving 
crystals becomes significant. The more viscous a molasses, the slower is 
the rate of elimination, and the greater the quantity of wash water needed 
to free the crystals from adhering molasses. The net result is usually a 
crystal with a dilute molasses layer. ‘Such a sugar will not keep well al- 
though its factor of safety may be satisfactory’? 
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CHAPTER 5 


CHEMISTRY OF CRYSTALLIZATION 


PIETER HONIG 
Former Director of the Java Sugar Experimental Station, former Director 
of Research of the West Indies Sugar Corporation, New York (U.S.A.) 


1. Introduction 


The chemistry of the boiling process has many aspects which we should 

differentiate for a good understanding of the technical crystallization of 

sucrose. 

The main features in this process are: 

(a) decomposition of sucrose, specifically inversion; 

(b) decomposition, transformation and condensation reactions of reducing 
sugats ; 

(c) decomposition and transformation, the precipitation and coagulation 
of organic nonsugats; 

(d) phenomena related with the solubility of different types of inorganic 
nonsugars; 

(e) nonsugars affecting the crystallization of sucrose; 

(f) phenomena related with the dissolution and regrowth of sucrose 
crystals; 

(g) effect of precipitated nonsugars on the purity of the centrifuged sugar. 


A part of these phenomena does not belong, strictly speaking, to the field 
of chemical knowledge!. Some belong mote to a specialized field of physics 
or physical chemistry; for instance, the inclusion of mother liquor in 
sucrose crystals. The accumulation of finely suspended or precipitated non- 
Sugars in the mother liquor and the separation with the sucrose crystals 
from the mother liquor by the centrifugal process belong to a subject of 
chemical engineering: filtration. 

It is necessary that the reactions and observations to be made in connec- 
tion with sucrose crystallization are distinguished in different paragraphs 
thereby obtaining a proper understanding of what is actually taking place 
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in the crystallization and recovery of sucrose as a commercial product 
either as raw sugar or refined sugar. 


2. Decomposition of Sucrose during the Crystallization Process 


The main conditions in the inversion rate of sucrose are primarily the tem- 
perature and pH of the mother liquor. Once sucrose has been obtained in a 
crystalline form, the sucrose under the normal conditions of processing 
in pans, crystallizing, drying and screening, and later on during storage as 
a solid product, does not show marked changes in the interior of the crystals. 
Experiments, made by keeping sucrose crystals at temperatures of 70° C 
for a longer time (2 to 3 months), did show that the interior of the crystals 
remained practically unchanged with no formation of coloring material and 
no break down of the sucrose molecules into reducing sugars. 

A sucrose crystal, once it has been formed, has a great stability at tem- 
peratures under 70° C, and does not show any remarkable changes in 
chemical composition or in its crystal characteristics. The same stability 
is not found for the traces of mother liquor or solutions surrounding the 
crystals. This is a material of much lesser stability. When a technical sugar 
product is kept in a closed bottle at a temperature of 70° C for several 
days, respectively weeks, it can be observed that there is an increase in the 
color of the sugar, but concentrated on the outside of the sucrose crystals. 
Also a certain amount of decomposition of the reducing sugars can be 
observed, respectively an increase in the reducing sugars content depending 
on the moisture content of the surrounding film of solution. 

These changes in the composition and the aspect of white sugars can 
be used in testing different types of sugar on the stability during storage. 
A correlation can be found between the changes in stored sugar over a 
longer period of time and the changes observed by keeping sugar samples 
during 1, 2 and 3 days in an incubator at 70° C. 

The first rule in studying decomposition and changes in the composition 
of massecuites during the crystallization process is that we have to consider 
the composition of the mother liquor primarily. 

The stability of sucrose in solutions to a brix of 60 in relation to pH and 
temperature has been investigated carefully. The inversion of sucrose in 
technical sugar solutions 50 to 100 purity and a temperature range from 
30-100° C depends primarily on pH, temperature and time. The amount 
of sucrose destroyed by inversion is proportional to the time. The relation- 
ship between pH and temperature and the rate of inversion have been 
given in Volume I, pages 447 and 589. The stability of sucrose at the con- 
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centrations as found in the crystallization process at a brix level, depending 
on the purity, of 78 to 90 and a temperature range in pans from 60-75% C 
and in crystallizers from 30-70° C, has been studied in a few isolated cases 
and not always under well controlled conditions. The interrelationship 
between the inversion of sucrose and the transformation of the reducing 
sugars under the same conditions is not exactly known. 

Some experiments with high purity solutions in a purity range of 95 to 
100 were made as a preliminary investigation at the Java Sugar Experiment 
Station between 1930 and 1935. 

One of the difficulties in this study is the consideration of the actual pH 
of the studied concentrated sugar liquors. When a concentrated sugar 
solution is diluted, there is a dilution effect on the measured pH-value as 
determined with hydrogen -chinhydron- and glass-electrode. A slight in- 
crease in pH is obtained with the dilution of a concentrated sugar solution. 
The determination of the pH at concentrations of 75 brix gives a certain 
value for the pH, calculated under the assumption that the rules applicable 
for diluted solutions are valid for concentrated sugar solutions. This is not 
absolutely true; the phenomena we are confronted with are more com- 
plicated in concentrated solutions. To find a correct value for the pH of 
solutions between 75 and 85 brix is a complex physical chemical problem; 
we are not yet able to give a clear picture of what has to be understood by 
the pH or the H-ion concentration of this type of solutions. 

We can bypass these difficulties by introducing a standard technique 
for expressing the pH of the studied concentrated solutions. As simplifi- 
cation we can use the determination of the pH of the sugar solutions, 
diluted 1 : 1, measured at laboratory temperature, or with a glass-electrode 
measured at the same temperature as the decomposition reaction of sucrose 
is studied. This is the way this investigation was conducted at the Java 
Sugar Experiment Station. 

The decomposition of sucrose by inversion, determined via the amount 
of formed reducing sugars, was in concentrated solutions higher than it 
was found for diluted sugar solutions to 65 brix. In high concentrations 
(75 brix and higher) the loss of sucrose by inversion was approximately 
double of what had been calculated as the inversion losses by the application 
of the Srapter tables. 

Table 1 gives a number of data on the decomposition of sucrose per hour, 
derived by interpolation from a limited number of determinations. 

At present it has become possible to study this inversion reaction in low 
purity products in detail by the development of new analytical techniques, 
specifically the methods of chromatography. We are able to determine the 
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individual decomposition products, levulose and dextrose, and to obtain 
a better understanding of this reaction. 

The inversion reaction has great significance for practical sugar manu- 
facture. In sugar factories manufacturing direct white sugars, it is customary 
to apply sulfitation of the syrups. The system to control the intensity of 
the sulfitation process is based on either titration of the amount of added 
SO, with iodine or it is checked by a determination of the pH of the sulfured 
syrups. 

With the last mentioned system of control it must be understood that 
the pH of a syrup is not identical with the pH of the syrup after it has 
been concentrated in the vacuum pans for crystallization; a part of the 
SO, is eliminated from the syrup under vacuum. It is found that when a 
syrup has been sulfured to a low pH, as done occasionally in canesugar 
factories manufacturing sulfitation white sugar, the pH of the concentrated 
sytup is substantially higher than that of the original sulfured syrup. The 
pH of the mother liquor after dilution to the same brix as the original 
sytup shows a higher pH than the original material. These changes in pH 
are demonstrated by the data given in Table 2. 


TABLE 2 


PH OF SUGAR HOUSE PRODUCTS DETERMINED AT DIFFERENT CONCENTRATIONS AT ROOM 
TEMPERATURE WITH GLASS-ELECTRODE 














brix 
60 70 75 80 4 
Raw sugar 97.0 pol 6.7 6.5 — = 
Syrup 84.0 purity 6.7 6.6 6.5 6.4 
A-molasses 70.2 purity 6.5 — 6.3 — 
B-molasses 51.0 purity 6.4 — 6.2 6.0 
Final molasses 6.2 — 6.0 5.8 
Effect of concentration on pH of sulfured syrup 
after sulfitation after concentration after concentration after dilution 
brix 64.0 in vacuum pan in vacuum pan of 74 brix syrup 
. to 68 brix to 74 brix to 37 brix 
Sulfured syrup 5.5 6.1 6.2 6.4 


a eee 


The pH of syrup, specifically in the application of sulfitation, is no indication 
of the pH existing in syrup boilings or A-massecuites. It is not permissible 
to use the pH of sulfitated syrups as a foundation for the calculation of 
eventual inversion losses. The inversion losses in the crystallization process 


must be based on the pH of the mother liquors in the massecuites in the 
different stages of crystallization. 
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Practical questions that come up regularly are: What are the actual 
sucrose losses in the crystallization process from syrup to final molasses 
in raw sugar mills? Is there a solid foundation to estimate these losses as 
being more or less inevitable as a result of normal operational conditions? 

To answer these questions, we have to start with the realization that 
the pH of the different types of massecuite is determined via a dilution 
technique differing from the real value of the pH at the concentration of 
processing, but which must be accepted as long as we have no ways and 
means for the determination of the real pH. 

The pH of massecuites in canesugar mills can show, according to our 
experience, considerable variations depending on the pH of the clarified 
juice, the system of clarification (specifically liming), sulfitation of syrups, 
and refining methods, resulting in different pH-levels of the liquors after 
purification. 

The pH of the mother liquor in A-boilings (purity 80-85) can vary, 
determined in dilution 1: 1 and analyzed at laboratory temperature, from 
5.8 to 6.8, for B-massecuites from 5.6 to 6.5, and for C-massecuites from 
5.5 to 6.4. Determined as averages there is a slight decrease in the pH of 
the molasses with decrease in purity. For refined sugar strikes in actual 
practice, considerable variations can be found. The greatest stability and 
uniformity in the pH are found in bonechar refineries, where the pH of the 
first liquor is between 6.9 and 7.1. The first refined sugar strikes have usually 
a pH 0.1 to 0.2 points lower than the pH of the liquor. But in the refining 
with vegetable carbons combined with fosfatation or with other types of 
purification technique, it is occasionally found that the decolorized liquor 
going to the pan floor has a pH fluctuating between 6.4 and 7.4. 

Some factories have the tendency, probably for good reasons, to purify 
and decolorize on the acid side. Other refineries favor neutral conditions 
in processing liquors. With vegetable carbon refined liquors, the decrease 
in pH from liquor to first massecuite can be as high as 0.3 to 0.4 pH unit. 

In discussions on sucrose losses, the main factor in the inversion of 
sucrose is the pH and secondly, the temperature of processing. It is for 
this reason not possible to give as a general statement a quantitative ex- 
pression for the sucrose losses in the crystallization process. 

We consider that in raw sugar mills under ideal conditions, the sucrose 
losses from syrup to commercial sugar and final molasses are of the magni- 
tude of 0.4% of sucrose in syrup. This is an inevitable loss. We have no 
ways and means at our disposal to reduce these losses because they are 
the natural result of the composition and our applied systems of crystalli- 


zation. 
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Indications exist that under exceptional conditions with a low pH-level 
in A, B and C-boilings, going from A-boilings to C-boilings from 6.4 
to 5.7, the calculated sucrose loss as a result of inversion is of a magnitude 
of 0.8 to 1.0% of pol in syrup. In refineries with refined sugar crystallization 
of liquors to the last refinery run off, used for reprocessing, it was found 
that the minimum loss was of a magnitude of 0.2°% of the sucrose in first 
liquor. In some refineries where the pH control showed an average low 
pH and lack of uniformity in the pH of the processed liquors, this loss 
could be as high as 0.8%. 

For reduction of losses in the crystallization process the pH control is 
mostly important. Usually it is possible, by introducing a careful system 
of operation, to reduce these losses to the minimum averages as indicated 
above, without the introduction of complicated control systems or new 
systems of pH adjustment. 

It is, however, of great importance to the sugar industry over the whole 
world that a detailed investigation be made on the inversion rate of sucrose 
in concentrated and low purity solutions, and that the relationship between 
rate of inversion, different systems of pH determinations, temperature and 
purity (including the effect of certain types of nonsugars) be determined. 

A number of observations in older literature on the effect of neutral 
salts and amino acids on the rate of inversion as, for instance, found in 
publications by PRINsEN GEERLIGs and Noe DeErR? have no more validity 
today; since this was published, a better understanding of the meaning 
of pH has been acquired and we have at our disposal reliable methods for 
determination of the pH. It is primarily the pH that determines the rate of 
inversion. The observations reported in these older publications have to 
be interpreted as the effect of added neutral salts on the resulting pH-values. 
There is not a neutral salt effect on the rate of inversion; there is a neutral 
salt effect on the pH of the technical sugar solution. 

The discussion on sucrose inversion can be reduced to pH, temperature, 
purity and time. There is an effect of nonsugats on the pH-change of sucrose 
solutions in concentrating and in diluting. The pH-change, as affected 
by the presence of certain types of nonsugars, on concentration and dilution 
is one of the fundamental investigations for a better understanding of the 
actual H-ion concentration of crystallizing sugar solutions. 


3. Decomposition of Reducing Sugars 


The reducing nonsugars, as present in the mixed juice in canesugar mills, 
consist mainly and practically exclusively of levulose and dextrose. The 
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tatio of these two components is in mixed juice not exactly 1 : 1 as in pure 
invert sugar; it is possible that there is an excess of levulose over dextrose, 
and it is also possible that this ratio is an excess of dextrose over levulose. 
The ratio dextrose-levulose is determined by physiological conditions 
existing in the cane at the time of harvesting, maturity and age of the cane. 

There are indications that when cane is immaturely harvested or that 
the harvested cane field is heterogeneous as to age of the different types 
of cane stalks (old primary stalks with a large number of young shoots 
and secondary stalks of different ages, etc.), levulose is in excess over 
dextrose. When cane is overmature or in juices from cane that has flowered, 
dextrose is in excess over levulose. 

In the juice purification we have a number of transformations of the 
reducing sugars. These transformations are of a complicated nature. The 
first result is that the transformation products have still reducing powers 
on an alkaline copper solution. The change in reducing power manifests 
itself in a change in the reducing power of this group of nonsugars from 
mixed juice to clarified juice with a change in the specific left rotation of the 
reducing sugars. 

TABLE 3 


CHANGES IN REDUCING SUGARS FROM MIXED JUICE TO SYRUP 














Red. 
Brix Pol/20°C Clerget Apparent True Reducing sugars 
sucrose purity purity sugars % pol 
Mixed juice 15.8 12.8 133 81.0 84.2 oe 10.6 
Clarified juice 16.8 13.8 14.2 82.1 84.5 1.20 8.7 
Syrup 65.4 54.1 5b.3 82.7 84.9 4.72 8.7 
Reducing Specific 
App. Reducing sugars Sacch. — pol Reducing rotation of 
nonsugars sugars a sugars reducing 
(brix — pol) nonsugars sugars 
Mixed juice 3.0 1.35 45.0 0.5 1.35 — 36 ips 
Clarified juice 3.0 1.20 40.0 0.4 1.20 — 33 ae 
Syrup 13.3 4.72 41.8 1.4 4,72 — 30°V 


a 


When it is stated that there is a limited change in reducing power of the 
reducing sugars from mixed juice to clarified juice, it must be understood 
that this statement is only valid under normal conditions of processing 
(uniform liming, no excessive alkalinities, etc.). When there is overliming 
(pH over 8.2), the reduction in reducing power of the reducing sugars can 


be as high as 30%. 
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It is customary in many factories to have a determination of the reducing 
sugats in mixed juice, clarified juice and syrup, and to report the ratio 
between the reducing power of the sugar juices, expressed as invert sugar 
units, determined with Fehling copper solution, in relation to the polari- 
zation of the same material. This quotient is usually called the glucose 
quotient (invert sugar quotient or reducing sugars-pol quotient). The 
correct expression is reducing power-pol quotient; the value that is actually 
determined is the reducing power of a technical sugar solution reacting 
with an alkaline copper solution. The reducing substances are neither pure 
glucose nor pure invert sugar. It is probably within certain limits still 
reducing sugars. It is rational to call these non-sucrose components reducing 
substances or reducing nonsugars. 

Normal changes in this reducing power are, for instance, as given in 
Table 3. 

Abnormal changes observed in factories where there existed the impression 
with the factory staff that the liming and clarification were conducted in a 
proper way (but where the check on the uniformity of the pH of the limed 
juice did show considerable actual fluctuations, although the average pH 
of the limed juice was 7.6 and of the clarified juice 7.1) gave figures as 
represented in Table 4. 

When this system of ‘glucose’ control is continued from syrup to ‘pure’ 
A-strikes made with syrup, it is found that there is a continued loss in 
reducing power of the nonsugars. The reduction of a copper solution by a 


TABLE 4 


CHANGES IN REDUCING SUGARS FROM MIXED JUICE TO SYRUP 
(IRREGULAR LIMING, VARIABLE RECORDED PH OF CLARIFIED JUICE 6.7-7.4) 
ee eee 
Red. 
Clerget Apparent True Average Red. Red. sugars 
Brix Pol sucrose purity purity pH sugars sugars we 
% pol non- 





sugars 
Mixed juice 17.2 143 14.7 83.1 ‘oho ie) — AY. 7.8 38.6 
Clarified juice 18.1 15.4 15.7 84.9 86.7 ih 0.97 6.3 35.9 
Syrup 64.4 54.4 55.7 84.4 86.5 6.7 ete 6.8 28.5 


$e eee 
certain amount of nonsugars from mixed juice via clarified juice, syrup to 
Al-massecuite has the tendency to decrease. When the same nonsugar 
reducing power is determined for a B-massecuite, the tendency exists for a 


slight increase, indicating a small inversion of sucrose and the formation 
of reducing sugars. With C-massecuite there is an increase in reducing 
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power of the nonsugars till a certain stage of the boiling process. At the 
end of the boiling process and during the processing of C-massecuite in 
crystallizers there is again a decrease in the reducing power per 100 non- 
sugars. 

We are confronted with a number of extremely complicated reactions: 

(a) Reducing sugars are present as dextrose and levulose in mixed cane 
juice. 

(b) Transformation of these hexoses during clarification. 

(c) Transformation and changes in specific rotation of the mixture of 
reducing substances during heating and concentrating in evaporators. 

This change in the rotation is usually called mutarotation or the mutaro- 
tation reactions, meaning the change in rotation. 

(d) A slight inversion of sucrose in the pans with formation of reducing 
sugars. 

(e) Reducing sugars transformed specifically at higher concentrations in 
pans and during the crystallization process are reacting with different types 
of nonsugars, specifically the amino acids, as a first step in the browning 
or MAILLARD reaction. 

Reaction (e) becomes important in the low grade boilings in the final 
concentration in the pans with a low water content and relatively higher 
temperature of some parts of the pan content. This reaction has the tendency 
to continue in the crystallizers. It does not even stop when the final molasses 
is eliminated from the massecuite; it continues in the stored molasses in the 
storage tanks. This last reaction is usually combined with the formation 
of CO,, which is eliminated from the massecuite or becomes visual in 
stored molasses as foam or froth. 

This decomposition of reducing sugars under factory conditions, once 
it has started in the clarification has the tendency to continue in evaporators 
and in the pans. 

Studies made on processing cane juices at extreme alkalinities as applied 
in the carbonation process have amply demonstrated that at higher alka- 
linities, the reducing sugars are attacked and transformed to a greater 
extent than, for instance, under ideal conditions of a simple or double 
liming process, specifically if there has not been the most accurate control 
on the temperature during the carbonation process. 

A specific reaction taking place in the concentration of juices is a change 
in the specific optical activity of the reducing nonsugars. Practically all 
canesugar factories, when a proper technical control has been introduced, 
are familiar with the rise in purity in simply concentrating juices in the 
evaporators from clarified juice to syrup. 
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This increase in purity can sometimes be extremely high. The difference 
in purity between clarified juice and syrup can be 1 degree or more. This 
increase in purity cannot be explained by the removal of volatile nonsugars. 
The amount of volatile nonsugars eliminated in concentration in the form 
of CO,, ammonia and glyoxal (perhaps acetaldehyde and in a few cases 
traces of methyl alcohol) does not amount to more than 0.03% of the brix. 

Also the amount of inorganic nonsugars removed from the juices in the 
form of incrustation in the evaporator equipment is extremely small 
expressed as the percentage of the total amount of brix processed, and under 


no condition can be more than 0.1%. 
The rest in the rise in purity is the result of a change in the optical 
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Fig. 5/1. Decrease of specific optical rotation and decrease in reducing power of the 
reducing nonsugars. 


rotation of the reducing nonsugars. The reducing nonsugars show a 
decrease in the left rotation during concentration. This change is greater 
when the temperature in the evaporators is higher and the time of processing 
longer. We have found that with the installation of pre-evaporators, this 
increase in purity from clarified juice to syrup showed a tendency to increase 


Bibliography p. 223 


3 DECOMPOSITION OF REDUCING SUGARS 199 


with the introduction of higher temperatures in the pre-evaporators or 
Pauly pans. 

Furthermore, it has been found in experiments with evaporators opera- 
ting under pressure, where juices are concentrated from 15 to 17 brix 
to a brix of 40 to 45 at temperatures above 100° C, that there is a more pro- 
nounced tendency of increase in purity and a corresponding decrease in 
the specific reducing power of the nonsugars compared to a concentration 
using traditional conditions under vacuum. 

Two factors are interrelated: 

(1) a loss in the specific left rotation of the reducing substances; 

(2) a decrease in the reducing power of the nonsugars as a result of chem- 
ical transformations. 

The first gives an apparent increase in the purity of the juice and both 
reactions cause a decrease of the glucose quotient when the control system 
is based on pol determinations. 

A careful check on these phenomena with direct sucrose determinations 
has proven that both phenomena: decrease of specific optical rotation and 
decrease in reducing power of the reducing nonsugars, are real. It has been 
found that when these transformations are studied through the final 
boilings, both continue normally till the A-molasses. In a schematic way 
these transformations of the reducing sugars are given in Fig. 5/1. 


TABLE 5 


AMOUNTS OF NONFERMENTABLE REDUCING SUGARS IN FACTORY PRODUCTS. AMOUNTS OF 
SUBSTANCES USED FOR ANALYSIS: 12 g FINAL MOLASSES, 20 g B-MOLASSES, 25 g A-MOLASSES, 
EACH WITH 5 g DRIED FLEISCHMANN’S YEAST; 50 g SYRUP 


ee __ 





Syrup A- B- Final 
molasses molasses molasses 

Brix 62.2 67.3 66.5 91.6 
Pol 53.6 34.2 30.4 ragot 
Purity 86.1 50.8 45.7 29:5 
pH 6.9 — — — 
Reducing sugars 3.0 12.6 12.8 21.0 
Nonfermentable sugars 0.10 1.50 1.66 4.15 
NFS/RS ant 11.9 13.0 19.8 


— ®” _ 


A most interesting subject is the transformation of the reducing non- 
sugars in nonfermentable reducing nonsugars during the crystallization 
process. This reaction is described in a number of monographs, for in- 
stance, by SarrtER®? who has studied the presence of nonfermentable 
reducing substances in great detail in cooperation with ZERBAN. 
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We have had the opportunity to study the formation of these nonfermen- 
table reducing substances during the crystallization process in raw sugar 
mills. To get an impression of the presence and formation of the amounts 
of nonfermentable reducing substances in syrup, A-molasses, 5-molasses 
and the corresponding final molasses, a large number of analyses of corre- 
sponding samples have been made, as given as example in Table 5. 

To study the changes in the nonfermentable reducing substances in crys- 
tallizers, we have followed the change in composition of the reducing sub- 
stances in a crystallizer from the moment it has been dropped from the 
pan till the final molasses leaving the centrifugals. This study resulted in the 
data as given in Table 6. 

From these data had to be concluded that there was no increase in the 
nonfermentable reducing substances as a result of the reheating in the 
crystallizers. There was an increase during the cooling period. This usually 
happens in the first stage of the cooling when the massecuite has a temper- 
ature over 60° C. 

The reaction between amino acids and reducing sugars is undoubtedly 
of great practical significance to the sugar industry. The number of studies 
in the literature on this subject, usually described as the browning or 
MAILLARD reactions, is extremely great*. The study of this combination 
and the velocity of reacting is usually based on the formation and determi- 


TABLE 6 


INCREASE OF NONFERMENTABLE SUGAR IN CRYSTALLIZERS 


eee 
Molasses cyclone 





sample taken at Molasses cyclone Molasses from 
time of entering sample taken after _centrifugals after 
massecuite in cooling ; reheating to 120° F 
crystallizers ; temp. massecuite (49° C) 
temp. 171° F(77°C) 100° F (38° C) 
Brix — — 
Pol — — pe 
Purity 36.3 21.6 29.6 
Crystal content massecuite Ree fe — 41.0 
Reducing sugars i Abel 21.8 
Nonfermentable sugar Sol 4.35 4.51 
NFS/RS 17.1 20.6 20.7 


eee eee 


nation of 5 hydroxy-methyl-furfural. It is believed that the quantity of 
5 hydroxy-methyl-furfural correlates with the intensity of the MAILLARD 
reaction. The products of the Martnarp feaction ate accumulated in 
molasses of low purity and lowest water content. They are not very stable 
and may be converted to other products upon dilution. 
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It is certain that the sugar-amino acid reaction products can be dehy- 
drated in two different ways; in neutral and at lower densities or in weak 
acid solutions furfurals are formed, but in a medium of low moisture content, 
so called reductones (a term introduced for the indophenol reducing sub- 
stances) can be formed. 

The sugar-amino condensation is the first step in the reducing sugars 
transformation, without ‘apparent’ sugar-amino condensation in the final 
product. After condensation and rearrangement of this condensation com- 
pound, the sugar ‘group’ is dehydrated. Polymerisable and unsaturated 
compounds are formed in which the amino ‘group’ is labile and can be 
split off partly from the dehydrated sugar residue which is characterized 
by its brown color. This group of products is called melanoidins; it is a 
mixture of different brown nitrogenous polymers and copolymers. 

The combination of the destruction and transformation of reducing 
nonsugars and the inversion of sucrose takes place simultaneously during 
the crystallization process. 

The number of quantitative studies on the reaction velocities with 
technical sugar products as met in cane and beetsugar factories and refineries 
is limited. One of the papers giving a description of this kind of reactions 
in a quantitative way has been presented recently by THompson, GARDINER 
and De WHALLEY?. 


Sucrose Losses in Pan Boiling 


Some studies have been made on sucrose losses in crystallizer work, but 
the exact determination of sucrose losses during the crystallization in 
pans requires, firstly, a special laboratory technique and, secondly, a special 
type of analysis to be absolutely certain that the observed changes in the 
composition of massecuites can be related to an actual destruction of sucrose. 

THompson, GARDINER and DE WHALLEY have made an investigation 
where all entrainment losses were completely eliminated and where the 
material to be crystallized could be determined quantitatively for complete 
analysis before and after crystallization. The total invert sugar was deter- 
mined by invertase inversion using the LANE and Eynon titration method. 
Solids in boilings were analyzed with the refractometer, corrected for invert 
and ash content. The results obtained in this experiment are given in Table 7. 
The loss of total sugars in affination syrup boilings and first and second 
crop sugars was 0.17, 0.26 and 1.01%, respectively. The amount of reducing 
sugars gained was 1.24, 0.84 and 0.48, respectively. The amount of sucrose 
lost was 1.41, 1.10 and 1.49, respectively. 

The result is that with a decrease in purity of the massecuite, a higher 
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proportion of the reducing sugars is broken down. A reasonable assumption 
is that the destruction of levulose would be greater than the decomposition 
of dextrose; but the determination of these two components is not in 
agreement with this assumption. A part of the reducing sugars produced 
and lost during the boiling process is transformed into nonsugars without 
ot with a reduced reducing power. 

The total solids balances show that these losses are considerably lower 
than the sugar losses. For the first crop syrup boiling the total loss was 
0.06% and for the second crop syrup boiling 0.25%. The solids losses 
are approximately 1/, of the total sugars lost. 

The amount of sucrose lost during the boiling of affination syrup and 
first and second crop sugars is 1.1 to 1.5°% and does not differ much for the 
three materials investigated. 


TABLE 7 


Affination First crop Second crop 
syrup sugar sugar 
massecuite; massecuite; massecuite; 
boiling time boiling time boiling time 








6 h 22’ 6 h 30’ 10h 
Sucrose 55.1 44.8 PAS Be 
Reducing sugars as invert sugar 4.35 955 16.4 
Total solids (refr.) 66.75 63.9 63.5 
Ash 2AL one iz 
Purity 82.5 70.1 47.1 
Red. sugars-ash ratio 1.61 2.44 2.28 
Sucrose loss °% total sugars — 1.41 — 1.10 — 1.49 
Red. sugars gain % total sug. + 1.24 + 0.84 + 0.48 
Loss in total sugars % — 0.17 — 0.26 — 1.01 
Loss of total solids % — — 0.06 — 0.25 
Dextrose in massec. % brix 2.09 — 6.9 
Levulose in massec. % brix PR | — TA) 
Total dextr. and levulose % brix 4.36 — 13.9 
Red. sugars acc. to LANE and EYNon 4.97 — 16.6 
Other red. substances 0.61 — re | 
Other red. subst. than dextr. and lev. 12 
% total red. sug. acc. to LANE and EyNoNn 7 183 
Sucrose loss per hour % total sugars — 0.22 — 0.17 — Q.15 
Red. sug. gain per hour % total sug. + 0.20 + 0.13 + 0.05 
Sucrose loss per hour % sucrose — 0.24 — 0,21 — 0.23 
Red. sugars gain per hour % red. sug. + 2.75 + 0.74 + 0.08 


The amount of reducing sugars produced and decomposed increases with 
a decrease of the purity of the massecuite. 

Endeavors made in operating sugar mills for quantitative balances of 
reducing sugars and sucrose to determine the nature of the losses, respec- 
tively to calculate the chemical losses and the undetermined losses resulting 
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from entrainment and other causes in a sugar factory or refinery, have 
practically never given satisfactory results. This is understandable; we are 
dealing with a number of transformations. 

We must also realize that the analytical methods we are applying do 
not always result in quantitative figures representing accurately the com- 
pound of which we wish to know the exact quantity present. Even the 
determination of sucrose by double polarization or via the determination 
of the reducing power after inversion has an unavoidable experimental error 
in the calculated results. For sucrose we may assume that when the analysis 
is made with all possible precautions and analyzing the sugar solutions 
at a standardized constant temperature (which is a condition existing only 
in a few sugar factory laboratories), the accuracy is as follows: 


Pol mixed juice + 0.1% 
Pol final molasses + 0.6% 
Sucrose mixed juice + 0.1% 
Sucrose final molasses -++ 0.3% 
Brix mixed juice am WER 
Brix final molasses + 1% 


With these accuracies in mind and realizing at the same time the unavoidable 
errors in the weighing of juice, sugar and molasses, a sucrose balance can 
never have a greater accuracy than + 0.3% of the calculated sucrose account. 

In the balance of the reducing sugars starting with mixed juice it is even 
totally impossible to make a balance of reducing sugars based on the reducing 
power, by the different changes taking place in the reducing sugars as a 
result of transformations, combinations and decompositions. When a 
factory reports that of the total reducing sugars in mixed juice 10 toa y, 
has been lost in processing, the meaning of such a report may be that the 
original reducing sugars have been transformed to such an extent that 
10 to 15% of the original reducing power has been destroyed in some 
way or another. It is more correct to use the term reducing substances 
for the nonsugars reducing an alkaline copper solution. The best expression 
is the reducing capacity of sugar products expressed in invert sugar equiv- 
alents. 

By repeated systematic technical control we can get an impression of 
the nature of the different transformations and possible losses. After a 
careful analysis of at least 10 periods of operation we are justified in making a 
definite statement as to the probable changes in losses occurring in the 
processed sucrose and processed reducing nonsugars. 

It is certain that quantitatively speaking, the transformation of reducing 
sugars into nonfermentable reducing substances occurs specifically in the 
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last product boilings and especially in the last phase of the processing : 
temperature and concentration, respectively water content in this last phase 
of crystallization are the main factors for the formation of this type of 
reducing substances. 

How far this reaction is influenced by the presence of certain types of 
nonsugars, for example heavy metal cations as iron and copper acting as 
catalysts, is not known exactly; however, there are indications that iron 
accelerates the formation of nonfermentable reducing substances. The 
question of prevention of this reaction, respectively reduction of the 
reaction velocity by the addition of sulfites, is still unanswered although 
there are indications that the use of hydrosulfites in low product boilings 
in the quantities usually recommended (or being a traditional practice) 
for sugar manufacture does not result in an appreciable reduction of the 
formed amounts of nonfermentable reducing substances. 


4. Reactions of Organic Nonsugars 


Our knowledge of the reactions of organic nonsugars, except reducing 
nonsugars, during the crystallization process is imperfect and deficient. 
We know that some organic acids become insoluble under the conditions 
of the crystallization process in the form of calcium and magnesium salts 
as, for instance, calcium-magnesium aconitate and calcium oxalate. 

It is also known that some of the amino acids combine with the reducing 
sugars, which can be demonstrated via the nitrogen content of a filtered 
fermented diluted molasses solution where a part of the nitrogen (corre- 
lated with the amount of nonfermentable reducing substances) is not able 
to act as a nutrient for growing yeast but remains as a soluble nitrogen 
containing organic compound in solution. This reaction can be demonstrated 
by using the reaction products of pure amino acids and reducing sugars 
as nutrient for growing yeast. This nitrogen compound cannot be assimi- 
lated by Saccharomyces or Torula yeast; pure amino acids are easily absorbed 
by growing yeast. The presence of certain types of organic nonsugars, 
specifically starch and some of the polymolecular carbohydrates especially 
in the group of pectins (sometimes called gums), can affect the crystallization. 
It has been found that they are able to syncrystallize with the sucrose and 
are incorporated in the interior of the solid sugar crystals. This subject 
will be discussed in a following paragraph. 

A certain group of nonsugars belonging to the organic nonsugars be- 
comes insoluble during the concentration ptocess in vacuum pans and 
accumulates in the mother liquor. They can be isolated by centrifuging the 
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molasses diluted to 60 to 65 brix. This insoluble material is a complex 
mixture of precipitated and coagulated nonsugars. 

How far we are dealing with real precipitation of nonsugars as a result 
of the fact that they become supersaturated during concentration, and how 
far we are dealing with a coagulation as a result of a prolonged heating 
in the pans, the high density of the solutions, and the instability of these 
nonsugars, being more or less a metastable colloidal dispersion in the diluted 
materials, clarified juice and syrup, is not known because we ate not able 
to distinguish and have not tried to determine the nature of these different 
groups of impurities. 

However, when concentrating and desugaring material in the crystalli- 
zation process, some of the nonsugars precipitate. Among this group are 
also organic nonsugars. This precipitation increases with the desugaration, 
and the amount of precipitated nonsugars °% nonsugars increases from A- 
boilings to C-molasses as demonstrated by the data given in Table 8. 

There are a number of reactions of great practical significance of which 
we observe only the end-result in the form of color formation without 
being familiar with the mechanism of the reactions actually taking place. 

In the older literature it was common to call this color formation caramel 
formation or caramelization. But this general term is not sufficient to 
describe the nature of the color formation in the boiling process. Cara- 


TABLE 8 


INSOLUBLE AND SUSPENDED NONSUGARS IN SYRUP, A-, B- AND FINAL MOLASSES IN RAW 
CANESUGAR MILL RECOVERABLE BY CENTRIFUGAL SEPARATION (SEE VOL. I, P. 319) 





In mg per kg of nonsugars 











Syrup conc. A- B- Final 
to 70 brix molasses molasses molasses 

Total suspended solids 2000 3000 4000 5000 
bebe 1500 2000 2700 3200 
Lipids 110 90 80 60 
Pentosans 45 60 90 110 
Proteins (N x 6.25) 125 180 180 250 
Not determined organic substances 200 500 800 1400 


ee ___________...._.______ 


melization is the decomposition of sugar or sugars at higher temperatures 
with a dehydration and a polymerization of the dehydrated molecules and 
the formation of complex molecules and substances present in diluted sugar 
solutions in a colloidal form with a higher carbon content and a lower 
H,O content. These are end-product substances which can be described 
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as humous compounds or humic acid and can be coagulated with poly- 
valent cations as calciumhumate or calciumcaramelate, or combined with 
aluminum ion but which are in all probability no chemical compounds but 
colloidal organic material having absorbed a certain amount of calcium or 


aluminum ion. 
TABLE 9 


COLOR CONCENTRATION DETERMINED IN A BRIX SOLUTION FILTERED OVER PURIFIED ACID 
WASHED KIESELGUHR, pH = 7.0, WAVE LENGTH 500 my. 
(RAW SUGAR MILL — COIL PANS) 


ET 





; Color Color 
App. purity paar i of, nonsugars 

Syrup 84.0 0.120 0.75 
A-boiling 83.2 0.141 0.84 
B-boiling 73.0 0.284 1.05 
C-boiling 59.4 0.487 1.20 
C-sugar 88.2 0.147 jet 
Final molasses SiS 0.795 1.16 





The practical significance of this reaction is that we try to reduce color 
formation to a minimum by the ways and means we have at our disposal 
in sugar manufacturing. Overheating must be avoided. A high temperature 
increases the formation of colored decomposition products. The presence 
of iron even in small amounts is affecting the color formation in sugar 
products in process. The addition of sulfites is able to prevent the formation 
of coloring substances probably indirectly by reducing the ferric iron to 
ferrous iron. It is, however, inevitable that the amount of color per 100 


TABLE 10 


PERCENTAGE INCREASE IN COLOR CONCENTRATION PER 100 NONSUGARS IN THE BOILING 
PROCESS IN CANESUGAR FACTORIES 





Raw sugar Carbonation Sulfitation 





factories factories factories 
From syrup to A-boilings 10-15 5-10 5-10 
From syrup to B-boilings 20-30 15-20 15-25 
From syrup to C-boilings 30-50 20-30 25-45 





nonsugats increases with the time of processing; the color formation pet 
100 nonsugars per unit of time increases with a decrease in the purity of 
the sugar products. 


In Table 9 we give an example of the color concentration of different 
types of sugar house products in canesugar factories. 
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The intensity of this color formation in the manufacturing process, regard- 
less of its simplicity, has only been studied in a few countries and in a few 
exceptional cases. Most of these studies, as far as the canesugar industry 
is concerned, have been done in Java comparing different types of boiling 
schemes and purification methods as to the effect of system of purification 
and system of boiling on color and color formation. In Table 10 we give 
a summary of these color formation studies collected in the Java sugar 
industry between 1928 and 1940. 

A practical important point is that in the crystallization process, where 
it is a necessity that the pans after discharging the massecuite are cleaned 
thoroughly to remove the remaining massecuite on heating surfaces and 
walls, the color intensity of these steamings per 100 nonsugars has been 
found to be considerably higher than the color concentration of the main 
bulk of the massecuite per 100 brix as well as per 100 nonsugars. Even 
with what was considered to be the best type of pan it was found that 
there was always a certain amount of caking of the massecuite on the 
heating surfaces which was not removed by the circulating massecuite 
but remained in contact as a kind of crust or caramelized massecuite as 
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Fig. 5/2. Color concentration in steamings of pans in raw canesugar factories. 


found in cooking porridge in a kitchen pan. These localized crusts were 
characterized by a high color concentration. . 

It was also notable that to a certain extent the color concentration of the 
steamings of a pan could be used as an indication for the circulating and 
self-cleaning efficiency of the pans. If a pan had a well-constructed calandria 
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or a system of heating coils with a minimum of resistance against the 
circulation and if the boiling process was conducted without any stagnation, 
it was found that the color concentration of the steamings of such pans had 
a much lighter color than that of so called sluggish pans or of pans where 
the normal boilings had been interrupted with a temporary stagnation In 
the circulation. : 

In Fig. 5/2 we give some data on the color concentration of steamings 
or washings of sugar pans in comparison to the color of the bulk of the 


massecuite. 


5. Phenomena Related with the Different Types of 
Inorganic Nonsugars 


Crystallization of sucrose is the process of bringing the concentration of 
technical sugar solutions to such a point that the sugar becomes saturated 
and is precipitated from the solution. Simultaneously with this increase in 
concentration of sucrose, the impurities are brought to a higher concen- 
tration. Some of these nonsugars become, as we know by practical expe- 
rience, supersaturated and precipitate with the sucrose. 

The saturation solubility of some of these nonsugars is reached more 
easily than for others. For instance, in technical sugar solutions, except 
in highly concentrated final molasses, the precipitation of sodium and 
potassium chloride and sulfate practically does not occur. An exception 
has to be made for the precipitation of potassium chloride. It was found 
in Hawaii in 19526 that potassium chloride was able to crystallize in low 
grade boilings (occurring as early as in C-footings in seed pans) and in the 
final stage in crystallizers. These potassium chloride crystals are easily mis- 
taken for false grain; they are minute cubic crystals. The size of these 
crystals is such that they do not interfere with the purging process in the 
centrifugals. The amount of potassium chloride crystals found in low 
product boilings was affected by cane variety and type of irrigation. 

The final molasses where this precipitation of KCl occurred had an ash 
content of 15%, with a reducing sugar content of 10%. This is an exception- 
al ratio of reducing sugars and ash. The ash contained approximately 
45% KO, 8% Na,O, 11% CaO and MgO, 11-12% SO, and 21-22% Cl. 

A normal inorganic constituent precipitating in concentrating technical 
sugar products in canesugar factories is calcium-magnesium aconitate. This 
is one of the normal impurities present in precipitated form as fine crystals 
in low grade boilings. . 


But the most common impurities precipitated in the crystallization 
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process are different types of calcium salts: calcium sulfate, calcium sulfite 
in sulfitation white sugar factories, calcium fosfate, and different types of 
calcium organates. 

The precipitation of calcium salts is a normal phenomenon in all technical 
crystallizations in cane and beetsugar factories. The amount of calcium 
and sulfate present in syrup in normally operating mills reaches, practically 
under all conditions when technical sugar solutions are concentrated to the 
point that the sugar becomes saturated, the maximum solubility of calcium 
sulfate. In technical sugar solutions, the calcium sulfate Precipitates as 
CaSO,.2H,O. This precipitation can also be observed as a fine cloudiness 
in the run offs of refined sugar strikes and in the high purity boilings in 
raw sugar mills. It demonstrates itself by an accumulation of calcium salts 
in the purged sugar, where we find normally a higher percentage of CaO 
on ash than present in the run offs or molasses. 

It is for this reason that the control on the calcium content of juices and 
liquors has received so much attention from practical sugar technologists 
because it was recognized a long time ago that the calcium content showed 
a direct effect on the quality of the manufactured sugar. 

In high grade liquors in refineries it is found, when CaO in liquor sur- 
passes 350 parts of CaO per million parts of sucrose with an amount of 
sulfate of approximately 200 parts per million parts of sucrose, that a part 
of the CaO is precipitated during the crystallization process and is held 
back by the sugar layer in the centrifugals as an impurity in the final product. 

During the time that refining of sugar was still surrounded by a number 
of secret practices it was, for instance, customary in some of the European 
refineries to add a small amount of BaCl, to the raw liquors to precipitate 
sulfate that in concentrating the liquors in the pans, the solubility product 
CaO x SO, would not be surpassed. Another practice was the use of small 
amounts of oxalate before the bonechar filters to precipitate a part of the 
lime salts. 

That these practices were surrounded with secrecy is understandable 
because in many countries the use of oxalates and barium salts in food 
processing was not permitted. But these old practices showed that there 
was a realization of the harm that could be done by the presence of calcium 
and sulfate in manufacturing a high grade refined sugar. 

The great advantage of the use of bonechar over other refining methods 
is that bonechar removes calcium salts to a considerable and sulfate to a 
limited extent. The use of fosfatation in combination with small amounts 
of vegetable carbon tries to achieve the same effect, although the claimed 
effect of fosfatation in lime removal in high grade liquors should not be 
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exaggerated. The fosfatation removes more magnesium salts, which are 
in themselves harmless as to the quality of the refined sugar because mag- 
nesium salts in high grade liquors are soluble and only become insoluble 
ia low grade products as calcium-magnesium aconitate and as calcium- 
magnesium fosfates. 


(a) How is the Presence of Inorganic Suspended 5 olids demonstrated in 
Commercial Sugars? 


The simplest way to demonstrate the presence of insoluble inorganic non- 
sugats in the manufactured sugar is by determining the reducing sugars- 
ash ratio in the commercial sugar and the reducing sugars-ash ratio in the 
final molasses. 

If there is no accumulation of insoluble ash in the commercial sugar, 
these two ratio figures are identical; but if we find RS-ash ratio commercial 
sugar = 1.4 and RS-ash ratio final molasses = 2.0, we have to conclude 
that there is a relative accumulation of inorganic nonsugats present as 
insoluble nonsugars in the commercial sugar. 

Finding for the analysis of sugar and final molasses the following data: 


Commercial sugar: reducing sugars 0.62 
sulfated ash uncorr. 0.44 
RS-ash ratio 1.4 

Final molasses: reducing sugars 23.0 
sulfated ash uncorr. 11.5 
RS-ash ratio 2.0 


the amount of soluble ash in the commercial sugar is: 


reducing sugars in commercial sugar 0.62 





Te of eee a = — 0) 
RS-ash ratio in final molasses 2.0 0.31% 


or the amount of insoluble ash in the sugar is: 


; . reducing sugars in sugar 
ash in commercial sugar — ces Sols chee 


RS-ash ratio in final mol. Cpe ar ee 

Why are we interested in insoluble ash in the manufactured sugar? The 
insoluble ash in manufactured raw sugar affects the filtrability. The higher 
the insoluble ash, the lower the filtrability. In the second place, the insoluble 
ash is always high in CaO and has the tendency to redissolve partly in raw 
sugar melts and increase the CaO content of the melts. The accumulation 


of precipitated nonsugars is mostly pronounced in the final products of 
raw sugar factories. 


Bibliography p. 223 


] ROLE OF INORGANIC NONSUGARS 211 


(b) Different Methods of Determining the Amount of Insoluble 
Nonsugars in Molasses and C-sugars 


As most of the insoluble nonsugars in C-sugar are inorganic, it is possible 
by using the RS-ash ratio as a yardstick to calculate the accumulation of 
insoluble ash in C-sugars. Under accumulation of insoluble ash must be 
understood in this case the accumulation of ash in an insoluble state that 
is filtered off by the sugar layer in the centrifugals. It is not identical with 
what is understood by insoluble ash in a physical chemical sense. Also, 
the final molasses contains a certain amount of insoluble ash but in such 
a fine dispersion that it is not held back by the pores and capillaries in the 
sugar layer in centrifugals. 

The other method is by separating the insoluble matter in a centrifugal 
separator, for instance, a De Laval separator. 

The difference with the first method is that for the separation of these 
suspended nonsugars it is necessary to dilute the molasses and to dissolve 
the C-sugar. In practical experiments molasses is diluted: 1.5 kg of molasses 
with 1 kg of water; the C-sugar is dissolved by using 2 kg of C-sugar with 
1.5 kg of water. The temperature of this separation in a De Laval is 55° 
to 70° C. The centrifugation rate must be adjusted for a De Laval separator 
300 in such a way that 2 | of liquor are treated in approximately 15 minutes. 
The difference is that in this case the liquor is diluted and that a part of the 
insoluble impurities may be redispersed or even redissolved. On the other 


TABLE: 11 


ASH IN MOLASSES AND C-SUGAR 








Difference = 
Ash % Ash % insoluble ash Molasses Insoluble 
molasses molasses per 100 g % crystal ash % 
in C-sugar molasses in crystal 
C-sugat 
Factory 16.5 23.0 6.5 53a Die 
Laboratory 15.6 34.7 19.1 199 ao 
Factory 17.5 19:36 Bio 5037 0.7 
Laboratory in 28.3 11.0 26.9 3.0 


Ce EE 


hand, an advantage is that the nonsugars can be accumulated in this way 
in a concentrated, fairly pure form and can be analyzed in detail to deter- 


mine the main components. 
Studies made in this field of the composition have shown that most 


of these suspended nonsugars are inorganic and consist of calctum-magne- 
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sium fosfate, calcium-magnesium silicate, calcium organates, sometimes 
calcium sulfate, with a certain amount of lipids (fatty acids, cane wax 
alcohols, true cane wax) and sesquioxides partly present as a combination 
of sesquioxides and silicic acid of the general formula (R,O3)o(SiO»),. 

In an investigation where the final C-massecuite was centrifuged by the 


TABLE 12 


INSOLUBLE ASH IN MOLASSES AND C-SUGAR, DETERMINED DIRECTLY 
BY CENTRIFUGATION 











Insoluble ash WS Crystal Insolubleash Insoluble 
in 100 g insoluble content per 100 g ash 
final ash C-sugat molasses per 100 g 
molasses in C-sugar in C-sugar crystal 
0.52 1.00 76.7 4.2 is3 
0.77 0.29 83.7 1.8 0.35 


factory centrifugals and the C-massecuite in a laboratory centrifugal, the 
results were as given in Table 11. 

How far these differences are related to differences in the way the massecuite 
in the centrifugal is brought at an accelerated gravity force in the laboratory 
centrifugal compared to the factory centrifugal, causing a greater compact- 
ness to the sugar layer, is difficult to say but it may be that this is one of the 
causes of the observed differences for the molasses in C-sugar. 

Using a different technique for the determination of suspended insoluble 
nonsugats by centrifugation of the diluted molasses and the dissolved 
C-sugar in a De Laval separator, the results were as given in Table 12. 

Progress in practical sugar manufacturing has to be made primarily by 
the development of purification techniques which remove the nonsugars 
precipitable under the conditions existing in the crystallization technology 
as applied today. 

Application of ion exchangers can have the greatest benefit in raw sugar 
manufacturing, if we are able to develop economic methods removing 
CaO and sulfate. The same holds true for the manufacture of refined sugars. 
For the quality of sugars, the presence of alkali and magnesium salts is, to 
a certain extent, harmless to manufacture a sugat of a good filtrability and 
good refining characteristics, meaning that with the simplest system of 
purification (for instance, by vegetable carbons) a liquor can be produced 
which can be crystallized without the formation of any nonsugar precipitate. 
For the yield of recovered sugar, the removal of as much nonsugar consti- 
tuents as can be economically realized is important. But this is the quanti- 
tative aspect of sucrose crystallization. 
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When referring to the quality of refined sugar and the quality of raw 
sugar, we should aim to manufacture products that must be almost free 
of precipitated nonsugars. Another important point in this connection is 
that we have not only to consider the fact that nonsugats are precipitated 
in the crystallization process, but also that they are filtered off by the sugar 
layer in the centrifugals. The porosity of this sugar layer is very important 
for the retention of the fine precipitates in the mother liquor. When the 
sugar has a sufficiently large grain size and is uniform, the filter effect will 
be much less and there will be less accumulation of this finely suspended 
matter in the sugar. The emphasis that is laid by refiners to receive a raw 
sugar of uniform grain size is primarily that such a sugar can more easily 
be washed in the affination centrifugals with a complete removal of the 
molasses film including the nonsugars present as fine precipitate in this 
molasses film. Practical experience has demonstrated this over and over again. 

At present we have no simple way to eliminate these suspended insoluble 
impurities, and we must accept the results of our present system of clari- 
fication and processing. But one point must be emphasized; one of the 
wotst products in raw canesugar mills as to the amount of suspended 
matter to be returned to the commercial boilings is C-sugar. In C-sugar, 
by its fineness, an extremely high percentage of the precipitable nonsugars 
is accumulated. A returning back of these impurities to the A- and B- 
boilings is a straight contamination of these boilings and introducing an 
extremely harmful nonsugar to the commercial product. In factories where 
a direct white sugar is made as, for instance, carbonation and sulfitation 
white sugar factories, this phenomenon is known for years. 

Sugar producing countries specializing in this type of sugar recognized 
forty years ago that the greatest progress that could be made in improving 
the quality of the sugars to be made from A- and B-boilings was the elimi- 
nation of the molasses film from the C-sugars to be returned for reprocessing. 
This is usually done by double purging. In many cases it is a recommendable 
practice, when the C-sugar is not used as seed nucleus for the final product 
but has to be remelted, that the C-sugar high in insoluble nonsugars is 
subjected to a special filtration for the elimination of these harmful constit- 
uents. 


6. Nonsugars Affecting the Crystallization of Sugars 


In the crystallization of sucrose we are dealing with a number of phenomena 
where a certain influence of the nonsugars exists on the nucleation, the 
velocity of growth of sucrose crystals, the inclusion of impurities in the 
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growing crystal, and impurities affecting the shape or crystal habitus of 
the sucrose crystal. 

In the nucleation of technical sugar solutions we know as a well estab- 
lished fact that the more impurities are present in the sucrose solution, 
the greater can be the supersaturation before we have a spontaneous for- 
mation of nuclei. At the temperature where the crystallization in vacuum 
pans is conducted, being normally 70-75° C, it is possible to concentrate 
canesugar products with a purity lower than 75 to a supersaturation of 
1.60 and higher without any spontaneous formation of sucrose nuclei. 
When the purity is higher, this supersaturation value for nucleation is 
reduced considerably. For very pure high grade liquors, the nucleation 
can start at supersaturation values of 1.10. 

This is nothing else than a description of observed facts. A theoretical 
interpretation is not simple. If such explanations have been given, they have 
neither a solid physical or chemical foundation nor do they have great 
practical value for guiding the nucleation process. 

The crystallization technique as to the nucleation has been simplified 
in recent years tremendously by the full seeding technique, which has 
eliminated, in many countries and anyhow in the majority of modern sugar 
factories, the old system of nucleation by waiting or by using special 
operational techniques as concentrating at a reduced vacuum at higher 
temperatures and increasing more or less suddenly the vacuum with a 
corresponding temperature drop. This in itself was a very erratic system 
and could never be qualified as a rational operational technique. 

The first rule to be stated is that the amount of impurities in technical 
sugar solutions increases the stable zone of supersaturation in which under 
practical conditions the formation of new sucrose nuclei does not occur. 
When a careful study is made of the supersaturation values to which a 
technical sugar solution can be concentrated without spontaneous nucleation, 
considerable fluctuations from factory to factory can be observed. 

It is not possible at present to give a simple explanation of the funda- 
mental cause of these observed differences. We found that it was possible 
at some cane factories to concentrate A-molasses at a purity of 72 to 75 
without nucleation to a supersaturation of 1.80. With this supersaturation 
the pan could be easily seeded with fondant sugat without the formation 
of extra nuclei. But at other factories, it was found that the maximum 
supersaturation at the same purity level could not surpass the 1.50, or the 
application of the full seeding system resulted at the same time in a for- 
mation of a large number of extra nuclei and the full seeding system was 
transformed into a shock seeding system. 
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The second process where the impurities affect the crystallization is the 
velocity of crystal growth in a supersaturated solution. This subject is 
discussed in details in the chapters written by VANHoox. 

In this respect the variations at the same purity level between different 
factories are much more considerable. There are undoubtedly a number 
of impurities retarding the velocity of crystallization. It is certain that in 
pure sugar solutions the growth of a crystal surface to form the complete 
lattice plan is an extremely rapid process compared to the formation of 
the nucleus or seed. We also know that once the habitus of a sucrose crystal 
has been formed, it remains more or less the same when the growth of 
the crystal continues. We also know that the most perfect crystals are formed 
when there is a slow rate of growth as, for instance, in the manufacture 
of large candy crystals, or in boiling at low supersaturations. Once the shape 
of a crystal has been determined as a twin crystal or a needle-like crystal 
or flat sucrose crystals in the very first beginning of the crystallization to a 
grain size of 0.05 mm linear, it can be observed that normally this crystal 
shape continues to the full grown final crystal. 

Undoubtedly, certain impurities determine the characteristics of the final 
sucrose crystal. We know that when the nucleation in canesugar factories 
is done at rather high supersaturations with a high percentage of reducing 
sugars, there is a tendency to the formation of twin crystals. There is in the 
beginning of the crystallization a kind of competition on the growing crystal 
surface between sucrose in supersaturation and impurities. The impurities can 
be a fundamental factor in determining the habitus of the sucrose crystal. 

We also know that there are certain types of impurities affecting the 
rate of crystallization to a great extent. This is well known from studies 
on crystal growth done with other substances than suctose. We know also 
that certain impurities have a much greater effect at lower temperatures on 
the rate of crystallization, for instance, in crystallizers than in vacuum pans. 
It seems that the effect of certain types of impurities on the rate of crystal- 
lization decreases with the temperature of crystallization. 

The sugar industry is at present not able to analyze ina simple standardized 
way the crystallization characteristics of the normal materials that have 
to be crystallized in sugar factories and refineries. This makes it nearly 
impossible to discuss the specific effect of certain types of impurities. What 
we are reading in the professional literature on sugar technology is more 
or less generalized without specific meaning. Even when the practical 
technologist has observed certain phenomena, it is difficult to translate 
these observations by an objective standard into quantitative values for 
the efficiency of the crystallization technique. 
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It is certain that some types of nonsugars affect the growth velocity of 
sucrose crystals. It is also a recognized fact that each face of the crystal has 
its own growth velocity. It is found that the different nonsugars can affect 
the growth of certain faces of the crystal to such an extent that they do not 
grow at all and that the result of the crystallization is a simplified form 
of the ideal sucrose crystal. 

The nature of the nonsugars having these specific effects is known as a 
general phenomenon. In synthetic solutions to which a large amount of 
caramel has been added, the caramel is absorbed at certain faces of the 
sucrose crystal, syncrystallizes with the sucrose and the caramel can be 
observed as a colored impurity in the crystal deposited in layers parallel 
to certain crystal faces. 

Another point we know for certain is that it is possible that high molecular 
impurities, as for instance starch, are also absorbed by growing sucrose 
crystals, and that it is extremely difficult to make pure sucrose from solu- 
tions containing starch as impurity simply by recrystallization. 

This phenomenon of the inclusion of impurities has occasionally been 
called syncrystallization. The nature of this syncrystallization is not simple 
to understand. For instance, with iron as impurity, it is possible to think 
in terms of mixed crystals where iron saccharate or ferrate, respectively 
potassium saccharate is taken up in the crystal lattice as being to a certain 
extent similar and having affinity for the growing crystal face. But it is 
also possible that we are dealing with simple adhesion and that the impurity 
is simply overgrown by the following layers of sucrose. 

There are indications that something like this is actually taking place, as 
is suggested by the extremely fascinating illustrations in the paper by Powers. 

We are confronted with the fundamentals of crystallization if we wish 
to understand how the impurities are included in growing sucrose crystals. 
Is the growth of a crystal the incorporation of molecules in supersaturation 
in a certain crystal lattice or is it possible that we are dealing with larger 
units more or less deposited as bricks in a wall, and that the dimensions 
of the elimentary units forming the crystal are much bigger than molecular 
dimensions? | 

There have been theories on the crystallization such as the formation 
of submicrons in supersaturated solutions being a group of molecules 
that is deposited as a conglomerate unit on the surface of a growing crystal, 
but scientists working on crystallization are telling us that this theory has 
not a very solid foundation and that the real crystal growth from solutions 
is taking place in a different way. 

The term ‘mixed crystals’, well known from the field of pure chemistry, 
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is pethaps only an exception in the phenomena related to the inclusion 
of impurities in sucrose. This is, for instance, the case with iron as impurity 
which is extremely difficult to eliminate from syncrystallization. But for a 
substance as starch we are undoubtedly dealing with quite a different 
phenomenon. 

What we must not consider in this is the inclusion of mother liquor in 
pockets, cavities, grooves, pores and corners, which occurs when we have 
the formation of crystal conglomerates. In this case we must not talk about 
syncrystallization but simply about mechanical inclusion of mother liquor. 

Syncrystallization is specifically the inclusion of impurities in sucrose 
crystals of a normal and ideal habitus as single units. It is quite certain 
that we are dealing here with an extremely complex process. The purifi- 
cation technique must find primarily ways and means to eliminate impurities 
which are able to syncrystallize with sucrose. This is for the future one of 
of the greatest problems in the field of original research investigations to 
make real improvement in the technology of crystallization. 

The following facts are observed in the crystallization of sucrose: 

(1) The impurities included in sucrose crystals made from technical sugar 
solutions in cane and beetsugar factories and in refineries show a compo- 
sition differing from the nonsugar composition of the mother liquor. In 
the crystallization process of sucrose there is a specificity in the inclusion 
of certain types of nonsugars in the interior of the crystals. 

(2) The impurities included in sucrose crystals are occasionally of a nature 
that we have to assume that they are present in real solution in the mother 
liquor during the crystallization process and that these impurities have 
been absorbed by the crystal faces and are distributed more or less homo- 
geneously in the solid crystal comparable to the formation of mixed crystals. 
This is found, for instance, for iron and potassium as impurtities. These 
impurities must be sufficiently related to be isomorphic with the parent or 
host lattice, being the lattice of the sucrose crystal. Other impurities are 
high molecular substances, as for instance starch, which is found in the 
interior of solid sucrose crystals. The way this kind of impurities has syn- 
crystallized with sucrose is not quite clear. It is possible that there is an 
adhesion of the starch molecules at the growing surface and that they are 
overgrown by the following sucrose layers comparable to an insect sticking 
to a wet paint coating and covered by a second coating. . 

(3) Certain colored impurities are absorbed more strongly by specific 
faces of the growing sucrose crystals. The effect of these impurities with a 
specific absorption for certain areas of the crystal surface can be so strong 
that the velocity of crystallization of these faces is retarded to such an extent 
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that the final habitus of the resulting sucrose crystal is a simplified form, 
missing some of the crystal faces. 

(4) The syncrystallization of impurities must be distinguished from the 
occlusion of mother liquor in the imperfections of sucrose crystals, forming 
pockets, grooves and corners, specifically in complex crystals which are 
overgrown during the process of crystallization by crystallized sucrose and 
are nothing else than the occlusion of pure mother liquor. 

(5) The analytical methods available today for separating the ways of 
occurrence of different types of nonsugars in crystallized sugar are still 
imperfect. The simplest way for studying this phenomenon of syncrystalli- 
zation of sucrose and impurities is the washing of well developed sugar 
crystals with a saturated solution of pure sugar to remove completely the 
surrounding film of mother liquor and to analyze the remaining sucrose 
crystals after dissolving on impurities. 

A difficulty in this technique is the complete removal of precipitated 
nonsugars adhering to the surface of the sucrose crystals by a washing. 
By this technique it has been demonstrated that, for instance, calcium as 
impurity in refined sugars is practically exclusively present as a precipitated 
impurity not included in the interior of the solid sucrose crystals. But iron, 
on the contrary, as impurity is included in the sucrose crystals and has syn- 
crystallized with the sucrose. 

This inclusion of nonsugars is not exclusively determined by the nature 
of the impurities but also the conditions of crystallization have an effect on 
the quantitative aspects of the inclusion. 

It has been found in special experiments that in the crystallization of 
refined sugar, the temperature of crystallization has no effect on the amount 
of colored nonsugars absorbed by the crystallized sucrose. Boiling at 60, 
65, 70 and 75° C had no appreciable effect on the color concentration of the 
solid sugar. 


7. Phenomena Related with the Dissolution and Regrowth 
of Sucrose Crystals 


In the technical crystallization of sucrose we are dealing with dissolution 
of crystals and regrowth. The best known example is the use of C-sugar 
as seed sugar for commercial boilings in raw sugar factories. A C-sugar 
is mixed with syrup, dissolving a part of the sucrose crystals and removing 
by a washing process the adhering molasses film. It can be observed that 


the sucrose crystals have been partly dissolved when they are used as a 
footing for the commercial boilings. 
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As a result of the transport of the magma through pumps, we will have a 
mechanical break down of some of the crystals. It is stated occasionally 
by practical technologists that fractured sucrose crystals heal easily by renew- 
ed growth which would occur with greater speed at the broken surfaces. 
According to careful observations made on this subject, it seems that this 
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Fig. 5/3. Development of seed crystals (C-sugar) to commercial sugar in canesugar 
factories. 


is a fiction. There is no indication that a broken or partly dissolved crystal 
surface grows more rapidly than an undisturbed crystal face. 

There are, however, a few phenomena in the crystallization of sucrose 
where we can observe the occlusion of mother liquor or dark colored im- 
purities in the crystallization process. This is specifically when we are using 
a dark colored seed sugar and afterproduct sugar from raw sugar mills 
as seed for the commercial boilings. The formation of these dark colored 
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crystals occurs specifically in low product boilings. It can be found, 
not as an exception, but rather frequently in commercial raw sugars 
where we can see microscopically the seed crystals as a dark center in the 
final product’. 

It can be observed in a careful examination of raw sugar crystals that 
a dark colored layer is present in the inside of the crystal making the im- 
pression that a layer of mother liquor has been formed around a part of 
a grown sucrose crystal with deposition of sucrose over the molasses layer. 
In an enlarged and schematic form the picture is given in Fig. 5/3. 

This phenomenon occurs particularly when a C-sugar in canesugar mills 
has been used as seed for the commercial boilings, the C-sugar having an 
imperfect surface as a result of washing or poor circulation, resulting in 
dissolution and growth of the crystals circulating in the pan. 

As far as our practical experience goes, it is found particularly when, for 
some reason or another, a strike during its build up has been interrupted 
in the crystallization process with superheating of a part of the massecuite. 
It is not a result of washing a C-sugar in a magma mixture with water or 
clarified juice; but the origin of this abnormality must be found during 
the crystallization process in the pans. 

It has also been found that when a C-strike is made on a footing of a 
mixture of syrup and A-molasses of lower purity, resulting in sucrose crys- 
tals of great uniformity and regularity, the tendency for a formation of a 
colored nucleus originating from the C-sugar used as seed for the commer- 
cial boilings is much less than when an irregular footing has been used 
made on meladura. Contrary to the expectation, it is found that the produc- 
tion of a commercial raw sugar free of this kind of imperfection with the 
inclusion of a visible amount of molasses is less when the seed has been 
formed in a medium of low purity than when it has been formed in a 
medium of high purity. 

The inclusion in molasses is probably caused by a local dissolution of 
the crystal surfaces resulting from washing or ovetheating in the pans, 
and when the crystallization of the formed crystals continues, the caves 
and pockets present on the crystal surface are overgrown by the crystal- 
lizing sucrose with an occlusion of mother liquor. 

Our present experience indicates that the assumption that a cleaner 
crystal would result if the footing for C-boilings is made with pure syrup 
instead of using A-molasses or a mixture of A-molasses and syrup, is not 
based on practical observations. To the contrary, available facts show that 
the cleanest sugar, free of visible inclusions, is made when the sugar is 
crystallized in a medium of low purity, guaranteeing a great uniformity of 
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the crystals and formed at a slower rate of growth than in a high purity 
medium. It is the combination of the lattice of the sucrose crystal, its 
stability against temperature differences, and the dissolving action when 
the surrounding mother liquor for some reason or another becomes under- 
saturated which regulates how far the original crystal is able to correct, 
without any inclusions, its original form. 

The inclusion of dark colored impurities in sugars occurs mostly in 
the last phase of the boiling of C-strikes and specifically with a poor circu- 
lation and great temperature differences in the circulating massecuite when 
we have a local undersaturation at the places of highest temperature specifi- 
cally when the massecuite is moving slowly through the heating elements 
of the calandria. 

We are dealing here probably with a typical inclusion of mother liquor 
in cavities and grooves formed in a medium of high viscosity and low purity, 
which cavities are filled up with mother liquor and are overgrown in the 
following phase of the boiling process when the crystals are exposed to a 
highly supersaturated solution. 

There are also indications that the nature of these inclusions is not 
only pure mother liquor but that we are dealing with absorbed 
nonsugars, specifically the group of nonsugars described in the literature 
as melanoidins. 

When the C-sugars of factories where this phenomenon of a dark colored 
C-sugar is observed are washed with a saturated sugar solution and dis- 
solved, it is found that the impurity ofa washed C-sugar can never be brought 
higher than 97 to 98. When the color concentration of these nonsugars is 
determined and expressed per 100 nonsugars, the color concentration of 
these nonsugars can be more than double that of the final molasses. Whether 
we are dealing here with the adherence of dark colored impurities in a 
colloidal state to a crystal surface and that these colloidal impurities are 
overgrown is a subject which must be investigated before we are able to 
give a definite answer. But it is certain that in boiling C-massecuites, we 
are dealing with nonsugars and conditions of crystallization fundamentally 
different from what we find in the crystallization of syrup or A-molasses 
which have not been subjected to the same high concentrations and tem- 
perature conditions as found in final boilings. 

The bad reputation of molasses adhering to C-sugar with practically 
every sugar technologist has undoubtedly a good reason because molasses 
adhering to C-sugar is of a much more detrimental character for good 
crystallization than nonsugars as found in the virginal raw materials in sugar 


factories. 
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8. Effect of Precipitated Nonsugars on the Purity of 
Centrifuged Sugar 


In the preceding paragraphs we have stressed the point that different 
groups of nonsugars become insoluble and are precipitated during the 
crystallization process. 

The elimination of these precipitated nonsugars from the centrifuged 
sugars is extremely difficult because the centrifugal process has the character 
of a filtration process where the sugar acts as filter aid and is holding back 
the precipitated impurities. This accumulation of precipitated impurities 
is well known. It is, for instance, a common experience that some of the 
suspended matter present in canesugar mills in the syrup is found exclusively 
in A-sugar. This is, for instance, the case with fine bagacillo which is found 
exclusively in A-sugar and which is removed completely in the centrifugal 
ptocess with the commercial A-sugar. B-sugar is free of bagacillo. 

It is also found that some of the lipids described as waxy material are 
present to a greater extent in A-sugar than in B-sugar. But on the other 
hand, when it comes to precipitated and insoluble impurities, B-sugar 
contains more silicic acid, fosfates and calcium salts combined with all 
kinds of organic acids. 

As to the effect on the filtrability of sugar, it is usually found that the 
coarser precipitated and suspended nonsugars present in A-sugar do not 
affect the filtrability per unit of suspended nonsugars to the same extent 
as those present in B-sugar. 

Contrary to what has been stated, it is sometimes found that an Al-sugar 
higher in lipids than the corresponding B-sugar has a much better filtrability 
than the B-sugar. There does not exist a simple relation between the filtra- 
bility of a sugar and its lipid content. 

The worst product for filtration is C-sugar. Although sometimes it 
has been found that the lipid content of C-sugars is low, the calcium content 
as insoluble impurity it always high. 

The statements on the relationship between the filtrability of sugar and 
suspended matter have practically always been oversimplifications or are 
nothing else than assumptions. The worst impurities in their effect on fil- 
trability of sugar are the different types of nonsugats precipitated during the 
crystallization process and specifically the nonsugars precipitated in B- and 
C-boilings. Most of these nonsugats are very complex compounds of 
calctum-polymolecular-acidic nonsugars formed as decomposition products 
during the boiling process, combining with calcium and forming insoluble 
precipitates in extremely fine dispersion. 
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Practical research of sugar technology has to give attention to the nature, 
solubility, formation and polymerization of this group of nonsugars. All 
the practical endeavors to manufacture raw sugar with a good filtrability 
must be based on the prevention of this precipitation, respectively on the 
elimination of this group of nonsugars. 

Practical experiments done for the removal of these precipitates in _A- and 
B-molasses by diluting this molasses and using fosfatation, filtration over 
kieselguhr and centrifugation have shown a great improvement of the 
quality of the sugar. But these practices could never become generally 
adopted up till now by lack of economic justification for the introduction 
of the same. 

The improvement that can be made in the manufacture of raw sugars 
with a low content of insoluble impurities, respectively a good filtrability 
has not yet found simple expressions for the evaluation of these character- 
istics from a refiner’s point of view. The difficulty is that the amount of 
suspended matter is not an expression for the refining characteristics of 
raw sugar. There are suspended nonsugars which are of no disadvantage 
at all to the refiner as, for instance, fine bagacillo. This can be easily removed 
by filtration. We have to start with a differentiation for the different types 
of insoluble impurities either by chemical or by physical methods, and 
increase our knowledge about the removability and the practical effects 
they have on the technological processes in the refinery. 
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CHAPTER 6 


CONTROL METHODS AND EQUIPMENT 
IN SUGAR CRYSTALLIZATION 


Tuomas R. GILLETT 
Assistant to the Plant Manager, Californiaand Hawaiian Sugar Refining Corporation, 
Crockett, Calif. (U.S.A.) 


1. Introduction 


The crystallization process is one of the most important steps in the commer- 
cial manufacture of cane and beet sugars, both raw and refined. Recognition 
of this has prompted a great deal of research and investigative work in the 
theory and practice of sugar crystallization. 

From a practical standpoint, efforts have been directed primarily toward 
the development of suitable techniques, control methods, and instruments 
which will permit obtaining uniform size grain of good quality, with 
maximum yield. This chapter will be limited to a discussion of methods and 
equipment for controlling crystallization. The principles and techniques are 
covered in other chapters in this volume. 

There is much published literature available on the general subject of 
crystallization and also on the specific aspect of sugar boiling control. 
Reference may be made to such writings for more details than can be 
included herein. 


2. Development of Control Methods 


In the early manufacture of sugar, crystallization was allowed to take place 
spontaneously. Sugar boiling was an art and the sugar boiler learned from 
experience how to control boiling conditions so that reasonably good crys- 
tals were obtained. There were few instruments available and indicating 
thermometers and vacuum gages were largely relied upon for control 
purposes. 

Over sixty years ago CLAASSEN! pointed to the need for a better means of 
controlling the crystallization process. He emphasized that supersaturation 
must be controlled to obtain uniform crystal formation and growth. The 
degree of supersaturation maintained should be such that crystals could 
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gtow with sufficient rapidity, but not so great as to allow formation of new 
grain. CLAASSEN showed that the concentration of a boiling sugar solution 
was related to its boiling point elevation. He presented tables which per- 
mitted converting boiling point elevation to supersaturation. 

Early investigators attempted to develop an instrument for measuring 
supersaturation directly, but were not successful. One of the first instruments 
used in sugar boiling was the brasmoscope developed by Currn®. This 
consisted of a thermometer placed alongside a barometer. From the temper- 
ature and vacuum, boiling point elevation could be calculated and expressed 
as concentration by reference to tables. CLAASSEN? later modified the device. 

In 1909 a German patent was issued to LANGEN‘ on a device for measuring 
boiling point elevation. It represented an advancement in that it measured 
boiling point elevation directly without the necessity of calculations. The 
device utilized a thermo-element, one junction of which was located in the 
boiling massecuite and the other in boiling water kept at the same vacuum 
as the massecuite. LANGEN’s device was an improvement over the brasmo- 
scope but only indicated boiling point elevation of the mother liquor and 
not supersaturation. The limitations of these early instruments are well 
explained by THreme®, Hotven® and others. 

Other early investigators applied refractometric methods utilizing the 
Zeiss sugar pan refractometer to measure concentration. However, this did 
not have wide application because of difficulty in obtaining consistently 
accurate readings. Use of conductivity equipment such as the cuitometer 
was also investigated rather widely. The latter subject is discussed in 
another chapter in this volume. 

About 25 years ago, attention was directed more actively to the entire 
field of methods and techniques for obtaining improved control over sugar 
boiling operations. KucHARENKO’ emphasized the need for developing a 
device for direct measurement of supersaturation. During intensive studies 
of crystallization, BErGH® developed a means for automatic pressure regu- 
lation in conjunction with Suretps®. WeBRE!, 11 also carried on studies 
relating to pan design and the use of pan control instruments. In recent 
years, Grtterr!? made extensive investigations and developed excellent 
techniques of sugar boiling. His work and that of WrsrE have contributed 
much to the scientific and practical principles of sugar crystallization. 

In 1933 Smrrt%, 14 developed a system of vacuum pan control and 
described an instrument for measuring and recording boiling point eleva- 
tion. Smrrn’s device represented a forward advance and gave a reasonably 
good measure of boiling point elevation. However, it did not measure 


supersaturation. 
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In 1936, Hotven!® discovered the influence of absolute pressure on 
supersaturation and subsequently, a means for directly measuring super- 
saturation®, A few years ago, Price!® and Hat!” described a commercial 
supersaturation instrument based on HoLven’s patents as adapted by the 
Brown Instrument Division of Minneapolis-Honeywell Regulator Company. 
Coxe!8 is another investigator who worked with supersaturation measure- 
ments in crystallization of beet sugars. GENrE!® has developed modified 
supersaturation equipment in Belgium. 


3. Importance of Control Equipment 


Practically all present day authorities recognize that for optimum results it is 
necessary to have accurate and reliable means for measuring and controlling 
operations during the various stages of the boiling process. As improved 
equipment has become available over the years, crystallization techniques 
have been improved. It is now generally accepted that there is need for three 
principal controls during the boiling operation, 7.e., control of absolute 
pressure, control of supersaturation, and control of fluidity. The discussion 
which follows indicates the importance of these more clearly. 

In boiling white sugar, for example, a pan is charged with a high density 
sugar liquor in sufficient quantity to cover the calandria or the lower coils, 
as the case may be. With the pan under vacuum, the steam is turned on and 
water evaporated until a predetermined supersaturation is reached. At this 
point the pan is grained. The exact supersaturation value for grain formation 
depends upon the method of graining used, 7.e., whether by spontaneous 
formation, by shocking, or by seeding. Modern methods involve shock- 
seeding with a small amount of very fine sugar particles such as powdered or 
dry fondant sugar. This is usually done at relatively low supersaturation 
values in the metastable zone. In this zone the crystals introduced will 
grow but practically no new crystals will form. Higher supersaturations 
in the so-called labile zone are avoided to prevent spontaneous grain 
formation which would result in non-uniform gtain size and poor grain 
quality. In shock-seeding white sugar strikes, authorities consider a safe top 
supersaturation limit to be about 1.4. Higher values may be used for lower 
purity boiling materials. 

Because supersaturation is so critical during grain formation, the impor- 
tance of having some means of indicating or measuring supersaturation is 
obvious. It is further important to control supersaturation during the early 
gtowth period of the grain. If the supersaturation becomes too low, some 
of the grain may dissolve — and if too high, new grain may form. 
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Regardless of how the point of grain formation is determined in the boil- 
ing cycle, it is essential that absolute pressure be accurately controlled. 
Lack of control results in temperature variations that cause changes in 
supersaturation. If the pressure rises, the temperature increases and grain is 
apt to be melted. If the pressure drops, the temperature will drop and could 
result in new grain or conglomeration. Sudden pressure changes also slow 
down or speed up boiling. 

After the grain is formed and established, the boiling process becomes one 
of growing the crystals to the proper size. This involves feeding liquor to 
the pan at a proper rate. During these later stages supersaturation measure- 
ments with present equipment are not accurate because of the effect of 
hydrostatic head on the response of the pan thermometer. On the other 
hand, the fluidity of the massecuite becomes of importance. Measurement 
of fluidity can be used to control liquor feed. Such a measurement is of 
particular value at the end of the strike, as it is desirable to drop it as ‘tight’ 
as possible in order to obtain maximum yield. In view of this, the third 
control of importance, in addition to supersaturation and absolute pressure, 
is that of fluidity or consistency of the massecuite. 

Even with these different controls, the need for effective techniques 
becomes increasingly obvious when it is recognized that there are innumer- 
able other variables. Techniques must be varied depending on the purity of 
the syrup or sugar liquor being boiled. The nature of impurities varies with 
different types of solutions and affects grain formation, rates of crystalli- 
zation, etc. Pan characteristics have an important effect and cause variations 
due to design. Conditions vary depending on whether the pan is a coil or 
calandria pan, whether mechanical circulation is provided, etc. Steam flows 
and pressures will differ and affect rates of evaporation. All of these factors 
must be taken into account in developing proper techniques for each con- 
dition encountered. This makes it all the more essential that suitable measu- 
ting and control equipment be available. 

The general principles of crystallization and the importance of control 
methods and equipment are discussed in various texts such as GILLeTT??, 
SPENCER-MEADE2°, LyLeE24, BARpDorF and BA.w??, and others. 


4. Basic Data and Definitions 


The design of accurate and reliable control instruments requires that precise 
data be available on the fundamental properties of sugar solutions. Some 
of the more important properties are solubility, boiling point elevation, 
and supersaturation. Data should be available for pure sucrose solutions 
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and also for impure sugar solutions at various temperatures and absolute 
pressures. 


(a) Solubility of Pure Sucrose 


The amount of pure sucrose that can be dissolved in water increases with 
temperature. The exact solubilities have been determined by different 
investigators. HERZFELD’s data?’, which were first published in 1892, are 
based on determinations at six different temperatures. His table of solubili- 
ties24, 25 has been generally accepted by the sugar industry for many years. 
However, other investigators in this field agree that it is in error at a number 
of temperatures. A comparison with more recent solubility data indicates 
that the Herzfeld values are about 0.3% to 0.4% solids low at 70° C and 
above, about 0.5°% solids high at room temperature, and are low again 
near 0° C. 

Among the newer and more accurate solubility data are those of TAYLoR?® 
published in 1947. These values are based on actual determinations in the 
range of 64-82° C. Coxe!® used these data and obtained values at other 
temperatures by extrapolation. 

The latest data available are those determined by CHARLEs?? in 1958. 
These are based on determinations over the temperature range of 0-90° C. 
They compare well with values obtained over the mote restricted ranges by 
TAYLOR and others. 

The equations used by these three investigators are as follows: 


HERZFELD C = 64.18 + 0.1348 ¢ + 0.000531 72 

‘TAYLOR C = 63.608 + 0.133 ¢ + 0.000722 72 

CHARLES C = 64.407 + 0.07251 ¢ + 0.0020569 #2 -- 9.035 « 10-8 2 
where 


C = % sucrose at saturation 
# = temperature, °C 


Table 1 shows a comparison of the solubility of pure sucrose over the 
temperature range of 0-90° C as given by these three investigators. 

A great deal of work on solubility of sucrose solutions has been done by 
other investigators over the years. These include Grur?8, D’Oraz1?9, 


Hrusy and KasjANov®°, Dunninc, Evansand TAYLOR?!, Wisk and NICHOL- 
SON??, KELLY33 and others. 


(b) Solubility of Impure Sugar Solutions 


Accurate data for solubilities of impure sugar solutions are not available 
because of the large variation with different types of impurities. The effect 
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of various organic and inorganic impurities as well as sugars other than 
sucrose has been generally recognized. As a result, considerable work has 
been done in this field in determining the effect of different salts, invert 
sugar, etc. However, as the composition of different impure sugar solutions 
varies, it is generally necessary to determine the solubility for each specific 


type of solution. 
TABLE 1 


SOLUBILITY OF PURE SUCROSE IN WATER 





Grams sucrose per 100 











% Sucrose by weight grams water 

Temp. HERZFELD TAYLOR CHARLES  HERZFELD TAYLOR CHARLES 
mC) 1892 1947 1958 

0 64.18 — 64.41 179.2 — 181.0 

5 64.87 — 64.82 184.7 — 184.3 
10 65.58 — 65.33 190.5 — 188.4 
15 66.34 — 65.93 rel — 193:5 
20 67.09 —_— 66.61 203.9 — 1995 
25 67.89 — 67.35 211.4 — 206.4 
30 68.70 (68.22) 68.19 PAR Fe (214.7) 214.4 
35 69.55 (69.12) 69.08 228.4 (223.8) 223.4 
40 70.42 (70.05) 70.02 238.1 (233.9) 233.6 
45 1132 (71.02) 708 248.7 (245.1) 245.0 
50 12.25 (72.02) 72.05 260.4 (257.4) Zaha 
55 73.20 (73.06) ole elk (271.2) 272.0 
60 74.18 (74.15) 74.21 287.3 (286.8) 287.8 
65 75.18 ihrer) 75.33 302.9 304.0 305.4 
70 76.22 76.40 76.46 AV Fie) 323.7 324.9 
75 Pinel 77.58 77.60 339.9 346.0 346.4 
80 78.36 78.81 1D, 02 362.2 371.8 370.5 
85 79.46 (80.06) 79.88 387.0 (401.5) 397.0 
90 80.61 (81.35) 81.01 415.7 (436.3) 4206.5 
le le ae 


lote: Figures in parenthesis extrapolated by CoLe*. 
CLAAssEN! published solubility data quite a few years ago for sugar beet 
juices in Europe. PRINSEN GEERLIGS*# determined solubilities using cane 
juices in Java. VAN DER LINDEN** and JACKSON and SinsBEE?® investigated 
the solubility of sucrose in the presence of invert sugar and found there was 
a mutual influence on their respective solubilities. THIEME? discussed this 
subject in considerable detail and presented data for cane juices from Java. 
Other investigators who have studied the effect of impurities on solubilities 
of cane and beet solutions include KUCHARENKO and Rozovsky?’, BROWN 
and Nrss38, Nees and Huncerrorp®®, VANHooK and SHrELps!°, VAN- 
Hoox*!, and RoraBauGu and NorMan??. if 
These investigators have shown the effect of various impurities on 
solubility of sucrose, and particularly that sucrose is more soluble in the 
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presence of beet impurities than in the presence of cane impurities. Also, 
it has been shown that high ash content tends to increase sucrose solubility. 


(c) Saturation Coefficient 


This expression is often used as a measure of solubility of impure solutions. 
It is the ratio of the solubility of pure sucrose in water in the presence of 
impurities, to its solubility in the absence of impurities. It may be expressed 
by the following formula: 


C (S/W) 7,p 
TP oa 
(S/W) 7, 100 
where: 
Cr ,p = saturation coeficient at temperature J and purity P 
(S/W)p,p = sucrose-water ratio for a saturated solution at temperature 7 and purity P 
(S/W) 7,19 = sucrose-water ratio for a saturated solution at temperature 7 and 100 


purity (see Table 1, last three columns). 


(d) Boiling Point Elevation — Pure Sucrose Solutions 


The boiling point elevation, also called boiling point rise, is defined as the 
temperature difference between the boiling point of a sugar solution at a 


TABLE? 2 
BOILING POINT ELEVATION OF PURE SUCROSE SOLUTIONS (HOLVEN) 





Grams sucrose per °% Sucrose 100 80 Ms Sao sie 2 40 30 


100 grams water by weight 








Boiling point elevation (° C) 








900 90.00 19.6 18.7 183 17.8 174 169° dae 
800 88.89 17.9 17.0 166 162 15.8 15:4) 97s 
700 87.50 16.0 15.2 148 144 140 13.67 43m 
600 85.71 13.7 13.0 126 12.3 12.0 11:6 Sepa 
500 83.33 11.6 109 106 103 10.0 He 9.4 
400 80.00 9.4 8.9 8.6 8.3 8.1 7.8 Ta 
300 75.00 7.0 6.6 6.3 6.1 i =e 5.4 
200 66.67 4.2 5.9 3.8 3.6 a5 3.3 3.2 
100 50.00 1.8 1.6 alee 1.4 Pe: ues 1.2 


given absolute pressure and the boiling point of water at the same absolute 
pressure. Early workers recognized that boiling point elevations varied 
with sucrose concentration and also with the type and quantity of impurities 
in the case of impure solutions. CLAAssEN’s datal developed in 1904 were 
used by the industry for years to obtain supersaturation values. 
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In 1936, HoLvEN?® questioned these data because the effect of absolute 
pressure was not taken into account, and pointed out that CLAASSEN’s data 
were valid only at substantially atmospheric pressure. HoLvEN published 
data on boiling point elevation of pure sucrose solutions at varying pressures. 
These are shown in Table 2. The values are based on actual determinations 
at atmospheric pressure. At the lower pressures the values were calculated. 

SPENGLER, BoTTGER and WERNER*#? made new tests in 1938 and actually 
determined the boiling point elevation of both pure and impure sugar solu- 
tions at different concentrations under various absolute pressures. Their 
data for pure sucrose solutions as expanded by the U.S. National Bureau of 
Standards‘® and by Cote!§ are shown in Table 3. 

The data in these two tables are in fairly good agreement at atmospheric 
pressures. However, at the lower pressures encountered in sugar boiling, 
considerable differences occur, and HoLvEn’s data are higher. For example, 
at 40° C vapor temperature the difference is as much as 4.2° C. 

Other investigators who have reported on boiling point elevation data 


TABLE 3 


BOILING POINT ELEVATION OF PURE SUCROSE SOLUTIONS (COLE) 
(From data of SPENGLER, BorrGER and WERNER“ as expanded by U.S. National Bureau 
of Standards*® and by Coxe!®) 


a EEE EEES EEN 


Vapor temperature (° C) 
= sucrose 9% Sucrose 199 90 8070 aren 50 a0 a0 








grams water poaent Boiling point elevation (° C) 

1000 90.91 20.70 19.38 18.16 16.93 15.79 14.71 13.68 12.70 
900 90.00 19.27 18.04 16.91 15.76 14.70 13.70 12.73 11.82 
800 88.89 17.69 16.56 15.52 14.47 13.50 12.57 11.69 10.85 
700 87.50 450371402 13,98 13.03 1245 11:52 10,53 9.77 
600 85.71 13.98 13.09 12.27 11.44 10.67 9.94 9.24 8.58 
500 83.33 11.81 11.06 1036 9.66 9.01 839 7.80 7.24 
400 80.00 944 884 8.27 7.72 7.20 “6.71 6.24 5.79 
300 75.00 6.88 6.44 602 5.63 5.25 489 455 4.22 
200 66.67 425 3.98 3.72 3.48 3.24 3.02 2.81 2.61 
100 50.00 1G ohtey ae oer ae 1.27, 118 1 

50 35.05 0.74 0.69 0.65 0.61 0.56 0.53 0.49 0.45 


include TRESSLER, ZIMMERMAN and Wituirts**, and OTHMER and Srivts*°. 

The best available data at present appear to be those of SPENGLER et al., 
since they are based on recent laboratory determinations of boiling point 
elevation at varying pressures. The data have also been published by the 


U.S. National Bureau of Standards*®. 
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(ec) Boiling Point Elevation — Impure Sugar 5 olutions 


Boiling point elevations for low purity cane sugar solutions from Java have 
been reported by Tu1eme®. Hotven used these data in developing his 
supersaturation relationships. In his book on Low Grade Sugar Crystallization, 
E. C. Griterr?? includes a series of graphs showing the boiling point 
elevation at different absolute pressures, purities and supersaturation values. 
The values determined by SPENGLER and associates are shown in the refe- 
rence previously mentioned*?. 

As in the case of pure sucrose solutions, the data from those two sources 
likewise differ for impure sugar solutions. The boiling point.elevations differ 
not only because of different methods of determination but also because of 
variations in the nature of impurities in the solutions. These variations 
occur between cane and beet sugars and also between the same type of 
sugar produced in different areas. As a result, it is not possible to report 
values of boiling point elevations for impure sugar solutions which are 
generally applicable throughout the’sugar industry. 


(£) Supersaturation — Pure Sucrose Solutions 


The most widely used definition of supersaturation is that originally pro- 
posed by CLAAssENtand later applied by HoLvEeN® and others. The expression 
‘supersaturation coefficient’ is equal to the sucrose/water ratio for a given 
solution divided by the sucrose/water ratio for a saturated solution of the 
same purity and temperature. Expressed by formula, this becomes: 


S/W 
Supersaturation = 
S/W Pel 





where 


S/W = sucrose/water ratio for a solution of purity P and temperature T 
5\/W = sucrose/water ratio for a saturated solution of purity P and temperature T. 


Other definitions of supersaturation have been offered. In Hontc4?, G. W. 
PAYNE mentions two ways of expressing supersaturation which are similar 
to the above. 

Hotven® discovered a mathematical straight-line relationship between 
supersaturation and boiling point elevation for various absolute pressures 
which permitted direct measurement of supersaturation. Prior to this it had 
always been necessary to calculate supersaturation by reference to tables 
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or graphs. This relationship has been confirmed by others, and CorE!8 
gives a good up-to-date explanation. 

The supersaturation relationships, of course, depend on the basic data 
used for solubilities and boiling point elevations, and on variations in 
absolute pressure. The supersaturation charts developed by Hotven have 


TABLE 4 


BOILING POINT ELEVATION FOR PURE SUCROSE SOLUTIONS AT VARIOUS SUPERSATURATION 
VALUES AND VAPOR TEMPERATURES (FROM HOLVEN) 





Vapor temperature °C 
Supersaturation 50 60 65 70 


Boiling point elevation 











0.6 2.6 3.2 3.6 4.0 
0.8 4.0 4.7 aye 5.8 
1.0 oP, 6.3 7.0 7.6 
(Wee 6.7 To 8.8 9.4 
LS 7.4 8.9 9.6 10.2 
1.4 ot IPS 10.4 1b! 
1.6 9.8 11.2 12.0 12.9 
1.8 10.8 12.8 pe PF 14.6 
2.0 12.1 14.2 jhe Pe 16.3 





been generally accepted by the sugar industry. These have been modified 
recently as outlined by Price!*, by using the more recent solubility data 
of TayLor?¢ and boiling point elevation data of SPENGLER and associates*’. 

The boiling point elevation for pure sucrose solutions at various super- 
saturations and vapor temperatures, as reported by Hoven’, are shown in 
Table 4. Those reported later by Cote!® and based on the data of TAYLOR 


TABLE 5 


BOILING POINT ELEVATION FOR PURE SUCROSE SOLUTIONS AT VARIOUS SUPERSATURATION 
VALUES AND VAPOR TEMPERATURES (FROM COLE) 

ee  —  __ 
Vapor temperature (° C) 

Supersaturation 50 60 65 70 80 


Boiling point elevation 








0.6 2.26 2.81 me alles) S257 4.63 
0.8 SPA 4.06 4.56 Baa 6.71 
1.0 4,32 5.36 6.01 6.79 8.86 
1,2 5,39 6.68 7.48 8.44 10.98 
13 5,92 (PRB 8.21 Been 12.02 
1.4 6.46 7.98 8.93 10.05 13.03 
1.6 7.50 9.24 10.32 11.59 14.94 
1.8 8.52 10.45 11.64 13.03 16.72 
2.0 9.49 11.60 12.89 14.41 18.34 
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and of SPENGLER and associates are shown in Table 5. Others who have 
studied supersaturation values are HoniG and ALEwIjN48, Sriin*®, and 
DuzourG, SAUNIER and LEMAITRE*®. 


(g) Supersaturation — Impure Sugar Solutions 


The supersaturation-boiling point elevation relationship for impure sugar 
solutions, as mentioned earlier, is influenced by the type and quantity of 
non-sucrose materials. This occurs because both the solubility at saturation 
and the boiling point elevation at a given concentration are influenced by 
the impurities present. The effect of these impurities can usually be com- 
pensated for in boiling white cane sugars, because the variation from 100° 
purity is small and the nature of the impurity is relatively constant. In lower 
purity material such as raw beet and cane juices and remelt sugar liquors, 
such compensation is not always adequate. Purity correction must therefore 
be determined for each individual situation. 

Because of the variations caused by these impurities, no specific data are 
included herein. The only readily available supersaturation data for impure 
sugar solutions are those developed by HoLven® for cane sugars and publish- 
Sag Geri lLeir ae 


5. Pan Control Equipment 


Types of instruments and control devices vary on different pan installations. 
These differ in principle and manufacturer. However, they are generally 
all directed toward the same objective of providing suitable means for 
controlling crystallization in accordance with carefully developed tech- 
niques. 

In general most pans are equipped with certain basic instruments. These 
usually include a gage for indicating steam pressure, a vacuum or absolute 
Pressure gage, an indicating or recording thermometer for pan temperature, 
and some type of low power microscope for observing crystal size and 
structure. 

In addition to these standard devices, special control equipment of some 
type is desirable for best operation, as previously mentioned. These are 
described in some detail in the succeeding sections. 


(a) Control of Absolute Pressure 


As previously pointed out, control of absolute pressure is essential for 
proper boiling. Vacuum measurements are generally not accurate enough 
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for this purpose because of variations in barometric pressure. Modern 
controls are therefore based on absolute pressure. 

For purposes of indication, absolute pressure gages of the mercury 
column type are normally used. The scale must be accurate and the gage 
carefully calibrated. Suitable gages calibrated to 0.1 inch of mercury absolute 
pressure are commercially available from various instrument manufacturers. 
Similar gages calibrated in centimeters of mercury are also obtainable. 

In addition to indicating gages, means are required to control the absolute 
pressure. This is generally accomplished by regulating the flow of water to 
the pan condenser. One system that has been used successfully is that devised 





WATER 
VALVE 


AIR SUPPLY 








REMOTE 
CONTROL 
VALVES 





DIAPHRAGM 
ed be} 


Fig. 6/1. Absolute pressure regulator system for vacuum pan. 


by SHIELDs® some years ago, and modified by BerGu®. Fig. 6/1 shows a 
diagrammatic sketch of this control system. . 
Commercial absolute pressure recorder-controllers are now available 
from most of the major instrument companies. These provide more accurate 
control than older types of straight proportioning controllers. They can be 
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equipped with proportional, automatic reset and derivative types of control 
action as desired. In addition, program control can be provided whereby a 
cam and follower act to change the pressure automatically in accordance 
with a predetermined time cycle. 


(b) Measurement of Botling Point Elevation 


As mentioned previously, the measurement of boiling point elevation has 
been used to give an indication of concentration and thereby provide a 
means for improved graining control. This type of instrument is not direct 
reading in terms of supersaturation but only gives the difference in two 
temperatures. The principle may be expressed by the following formula: 


B.P.E. (Boiling Point Elevation) = Ts — Ty 
where 
Ts = boiling point of the sugar solution 
Tw = boiling point of water at the same absolute pressure. 


In spite of their limitations, instruments based on this principle have received 
sufficient use in recent years to warrant a brief description. 

Resistance thermometers are used to measure temperatures. One thermo- 
meter is generally located in the center well of the vacuum pan to give a 
measure of the temperature of the boiling material. A second thermometer 
is located in a small boiling water pot generally called the pilot pan, which 
has a pipe connection to the vapor space of the vacuum pan. This gives a 
measure of the temperature of boiling water at the same absolute pressure 
as in the vacuum pan. By connecting these two resistance thermometers in a 
temperature-differential recorder, a direct measure of the boiling point 
elevation is obtained. The recorder can be equipped with control contacts 
for use in actuating a motor-driven valve on the feed line to the pan in 
accordance with any selected boiling point elevation. 

The device developed by Smrru1%, 14 used this principle. It was commer- 
cialized by the Leeds and Northrup Company of Philadelphia and has been 
referred to as the ‘Micromax Pan Controller’. The Micromax was installed 
by various sugar factories in Hawaii. According to Smrru, the equipment 
provided a reasonable good control, but he encountered difficulty because of 
variations in barometric pressure. Furthermore, as in any similar type of 
equipment, poor pan circulation caused a sluggish response. However, if 
absolute pressure is maintained constant, the instrument gives a fairly 
reproducible indication of the density of the mother liquor, . 


Bibliography p. 248-249 


5 PAN CONTROL EQUIPMENT 237 


(c) Indication and Measurement of Supersaturation 


As indicated earlier, many investigators attempted to devise and apply 
various means for obtaining measure of supersaturation. Some of the more 
recent developments were quite successful. 

One approach involved calibration of an absolute pressure gage in terms 
of massecuite temperature for designated supersaturation values. The 
temperature scale is determined from boiling point elevation tables. The 
scale shows what the pan thermometer should read for any given absolute 
pressure to give a pre-established supersaturation value. The scale is adjustable 
so it can be positioned for any desired supersaturation. An illustration and 
description of this arrangement is given in E. C. Griierr’s book??. 

Another approach was that developed by WesreE®!, involving the use of 
nomographs. These related boiling point elevations at different absolute 
ptessures to supersaturation values. The nomographs had polar coordinates 
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iy 40°C 8 =45°C so°c 55°C 60°C 65°C 70°C 75°C g0°C 85°C 90°C 95°C 100°C 
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60°C 65°C 
BOILING POINT OF SUGAR SOLUTIUN 


: . ; Ay 
Fig. 6/2. Representative constant supersaturation lines for a sugar solution of 100% 
purity. 


and could be placed on the face of a recording thermometer under the poin- 
ter. However, absolute pressure had to be read separately and applied to the 


nomograph. . 
The work of Hoven’, previously referred to, resulted in the first practical 
means for measuring supersaturation directly. He derived a relationship 
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between supersaturation and boiling point elevation which, unlike uncom- 
pensated boiling point elevation measurements, was independent of the 
absolute pressure. He found that a plot of the boiling points of sugar solu- 
tions of any degree of supersaturation against the corresponding boiling 
points of water at the same absolute pressures gave a straight line at all 
pressures usually encountered in sugar boiling. For illustration, constant 
supersaturation lines for a 100° purity sugar solution are shown in Fig. 6/2. 
Ho.ven showed that the slope of these lines varied only with supersatu- 
ration and the purity of the sugar solution. Mathematically, the above 
relationship may be expressed as follows for constant purity: 


Ty — T'w 
—_—__—_— = tan 0 
T, — Tg 
where 
Tg and Ty = the boiling points of the sugar solution and water at the same absolute 


pressure 

T1, and 71y = the corresponding boiling points of the sugar solution and water at 
some other absolute pressure 

tan 0 = slope of line of constant supersaturation 


The relationship may be written in a somewhat simplified form by sub- 
stituting a constant K for the quantities 74, and 71,. The modified ex- 
pression is the equation for a family of straight lines of varying slopes 
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Fig. 6/3. Graph illustrating manner in which constant supersaturation lines intersect at 
a common point, K. 
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representative of supersaturation, all intersecting at a common point having 
the same numerical value for both coordinates (K, K). It is not as exact as 
the first form of the relationship, inasmuch as K varies with both super- 
saturation and purity. However, the variation in K with supersaturation is 
negligible for practical purposes, and the variation with purity can be com- 


SS SLIDEWIRE 





Fig. 6/4. Basic HoLven circuit for measurement of supersaturation. 


pensated for in a measuring circuit. The general manner in which super- 
saturation lines intersect at essentially a common point K is shown in 
Fig. 6/3. 

By using the above relationship, HOLVEN devised an instrument using a 
relatively simple circuit which reads directly in supersaturation values. This 
instrument, in its original form, consists essentially of two unbalanced 
Wheatstone bridge circuits connected in opposition through a slide wire 
potentiometer (see Fig. 6/4). Each bridge contains a resistance thermometer, 
one of which is installed in the vacuum pan and the other in a pilot pan 
containing boiling water at the same pressure that prevails in the vacuum 
pan. The boiling temperatures in the two pans correspond to 7; anced. 
respectively. Provision is made for compensating for the purity of the liquor. 

It is important that the thermometers be of such design that they are 
highly sensitive to temperature changes. At the same time, the pan thermo- 
meter must be sufficiently rugged to withstand breakage from the boiling 
massecuite, since it is normally located in the center of the pan just below the 
level of the graining charge. Fig. 6/5 shows one type of thermometer before 
assembly and Fig. 6/6 shows the assembled unit with the heavy metal guard 
used to protect the thermometer in place. The entire unit is mounted on a 
long brass pipe which is held in place by brackets and which contains the 
thermometer cable connecting to the instrument. Fig. 6/7 shows a photo- 
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graph of the water boiling pilot pan which is connected bya 2” pipe to the 
vapor elbow of the pan. In some installations, the pilot pan is located on the 
top shoulder of the vacuum pan. Fig. 6/8 shows the supersaturation recorder. 
At the right in this picture is the seed cup which may be operated automatic- 
ally or manually. Fig. 6/9 is a diagrammatic sketch of the general supersatu- 





Fig. 6/5. Unassembled resistance Fig. 6/6. Assembled 
thermometer for measuring temperature resistance thermometer. 
in vacuum pan. 


tation recorder arrangement on a pan. A brief description of this equipment 
may be found in a previous paper by the author®2, 

As mentioned earlier, the Brown Instrument Division of Minneapolis- 
Honeywell Regulator Company have secured the patent rights to HoLvEN’s 
invention. They adapted these principles into one of their instruments and 
now commercially manufacture the Brown Supersaturation Recorder. 


Fig. 6/10 shows this instrument in the lower right-hand corner. Fig. 6/11 
shows the basic circuit. 
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PAN CONTROL EQUIPMENT 





Fig. 6/7. Water boiling pilot pan. 





Fig. 6/8. HoLven supersaturation recorder. 


242 CONTROL METHODS AND EQUIPMENT CH. 6 


The equation used to relate boiling point rise to supersaturation in the 
Brown instrument is as follows: 


TS. 37 Kk 
Te =o +7) | ( ae ‘ — 0.0086 





where 
Tx = boiling point rise 
Ts = temperature of sugar solution 
X = supersaturation 
Ss = concentration of saturated solution at Ts 
Kg = linearity correction factor at concentration of solution 


Q = purity factor 


This equation differs in form from that used in the HoLvEN circuit primarily 
for ease of circuit design. It also reflects the newer data used in calculating 
the supersaturation-boiling point elevation relationship. 

Using the same general principles of supersaturation measurement, 
GeEnIE!® has recently developed a simplified instrument. A first type was 
built around a high resistance bridge powered by a stabilized DC source of 
voltage. A later type uses an electrical circuit composed of a low resistance 
bridge powered by a low voltage source, and a measuring instrument with 
crossed coils. This is reported to be less costly than commercial devices and 
has been used successfully in the Tirlemont Refinery in Belgium. 
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Fig. 6/9. Schematic diagram of supersaturation recorder installation. 


(d) Measurement of Fluidity 


As mentioned previously the fluidity of the massecuite is of importance in 
sugar boiling. In pans equipped with large mechanical stirrers, the power 
load on the circulator motor has been used to give a good indication of 
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Fig. 6/11. Basic Brown supersaturation measuring circuit. 


fluidity. Were describes a fluidity control for use with his mechanical 
circulator5! which has received considerable acceptance. This device utilizes 
an ammeter connected to the stirrer motor to record fluidity. The ammeter is 
equipped with a relay which will open or close a valve in the pan feed line. 
‘Drinks’ are fed to the pan as required to maintain constant fluidity. 
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Recent improvements to this device are marketed by several of the instru- 
ment manufacturers including the Minneapolis-Honeywell Regulator 
Company and the Leeds and Northrup Company. These instruments use a 
wattmeter to measure power load to the stirrer motor. This eliminates the 
errors from voltage fluctuations encountered with an ammeter. The motor 
load is recorded on a standard recorder controller which positions a valve 
in the pan feed line to maintain constant fluidity. Since these controllers 
can be equipped with proportional, automatic reset and derivative control, 
throttling rather than on-off or drink-type of control can be used. These 
newer controllers have been found to be very effective for automatic control 
of pan feed. 

For pans which are not equipped with circulators, measurement of 
fluidity is somewhat more difficult. Some investigators have attempted to 
use a small propeller or rotor located inside the wall of the pan. These are 
connected to a motor and the torque or power load on the motor is measured 
and related to fluidity. However, in general these tend to measure the fluidity 
in a localized area and are not always indicative of conditions throughout 
the pan. This becomes particularly serious if pan circulation is poor. 

A recent commercial consistency indicator and controller for pans without 
circulators is described in a recent article in Sugar, This is known as the 
Baikow-Nilsson TORCON. It consists of a rotating paddle driven at con- 
stant speed by a synchronous fractional horsepower motor. The mechanism 
measures the torque required to turn the paddle at constant speed. It is 
claimed the instrument accurately indicates conditions within the pan and 
can be used for controlling the feed valve automatically. 

Another application of this type of control is that being used at the 
Savannah Sugar Refinery®*. This employs a motor-driven rotating element 
with several small eight-bladed bronze impellers mounted on a shaft. The 
shaft is driven by a variable-speed quarter-horsepower motor. Adjacent 
blades of the propeller are of opposite hand to avoid thrust. The motor is 
mounted in trunnions so that the stator is free to rotate about the shaft. A 
beam attached to the stator holds weights which counterbalance the torque 
developed by the impellers. 

As the consistency of the massecuite increases, the motor is overbalanced, 
tripping an air pilot to open the feed valve. The weights are fixed and the 
control point is varied by changing the speed of the motor. In later versions 
of this instrument, the counterweight balancing mechanism has been tre- 
placed with a standard, force-balance type pneumatic transmitter. This 
results in a continuous output signal proportional to consistency which can 
be used by a commercial pneumatic controller. 
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Other controls have been described by ErsNer®> and JAnssE*®, These 
utilize rate of heat transmission between two points in the pan as a measure 
of fluidity. When the strike is very liquid, these instruments register high 
heat transmission rates. As density increases and fluidity decreases, heat 
transfer and circulation will reverse accordingly. 


(e) Measurement of Massecuite Level 


Measurement and recording of massecuite level in a vacuum pan sometimes 
is desirable, particularly when strikes are carried above the level of the top 
sight glass. Pan level measurements can be accomplished satisfactorily with 
a differential pressure transmitter manufactured by the Taylor Instrument 
Company, Foxboro Company, and other instrument manufacturers. The 
transmitter consists of a small diaphragm which can be mountedin the bottom 
of the pan, preferably in the feed connection. The head of massecuite exerts 
a pressure on one side of the diaphragm and is balanced by an air pressure 
on the other side. The balancing pressure is increased or decreased automat- 
ically to prevent appreciable movement of the diaphragm. The difference 
between this balancing pressure and the pan vacuum is detected by a differ- 
ential pressure recorder. This difference is proportional to massecuite level, 
providing massecuite density is constant. 


6. Automatic Control Equipment 


Some or all of the various instruments described have been combined by 
different investigators to provide partial or complete control of sugar 
boiling automatically. Completely automatic operations, however, have not 
generally been adopted because of economic and instrument limitations. 

One control system is that described by WEBrE!°. This system includes 
automatic absolute pressure control, temperature measurements for deter- 
mining boiling point elevation, a recording ammeter on the pan circulator 
for control of fluidity, and other indicating and recording gages and instru- 
ments. Certain features of this control have been used widely in the United 
States, Cuba, Puerto Rico and other parts of the sugar world. 

Pan control has been developed to a considerable extent in Hawaii. A 
system installed by C. J. FLEENER at the Oahu Sugar Company some years 
ago is described by Fasrus®’. This method used boiling point elevation 
measurements to control the density of the massecuite through regulation 
of the feed. Absolute pressure control was also provided. Various other 
instruments were included. In a more recent report in 1956, Gay°® discusses 
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instrumentation requirements in sugar boiling as visualized in gery 
; ; 6 
Others who have discussed the general subject ate DELDEN®®, VENTON”’, 
and CoLe®. 
Hat!’ describes a particularly complete automatic control system for 
vacuum pans. A supersaturation recorder-controller is the basic element of 
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Fig. 6/12. System for automatic pan control — Minneapolis-Honeywell Regulator 
Company, Brown Instrument Division. 


four interacting control loops. Absolute pressure is controlled through a 
throttling butterfly valve which regulates water to the barometric condenser. 
The steam flow to the calandria is measured and pneumatically proportioned 
by means of a pneumatic flow controller. Mobility of massecuite is indicated 
by an agitator paddle. The power load on the paddle is used as a means of 
regulating pan feed. Supersaturation is used as a basis for controlling the 
seed point. A diagrammatic sketch of the arrangement is shown in Fig. 6/12. 

The Fischer and Porter Company® have marketed an indicating instru- 
ment for pan control. This is a combination instrument which gives an 
indication of supersaturation, absolute pressure, massecuite temperature, 
pan vapor temperature, and boiling point rise. All of these variables are 
obtained from two measurements, absolute ptessure and massecuite tempet- 
ature. Indications are by three pens. Conversions to supersaturation are 
obtained by use of charts which underlay the pens. 
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Fig. 6/13 shows a photograph of an instrument panel for a modern pan 
control system at the C and H refinery at Crockett. The instrument in the 
upper lefthand corner is an absolute pressure regulator with a cam arrange- 
ment for a predetermined time cycle as previously described. Associated 
with this is the mercury column absolute pressure gage in the left center. 
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Fig. 6/13. Pan instrument panel — California and Hawaiian Sugar Refining Corporation. 


The Brown supersaturation recorder is shown in the right center near the 
seed cup. At the bottom center is the recording wattmeter on the stirrer 
motor for controlling feed to the pan. The other instruments indicate and 
record vacuum, temperature, level, steam pressure, steam flow, etc. 


7. Summary 


In summarizing, it is evident that a great deal of effort has been made to 
develop techniques, methods, and equipment for controlling crystallization 
processes in the sugar industry. This has required development of the most 
precise data possible on certain properties of sugar solutions and the utili- 
zation of these in development of accurate measuring instruments and 
reliable control equipment. Refineries today make most of these instruments 
available to the sugar boiler. 

The controls generally provided include the following: 

(a) Automatic control of absolute pressure by controlling the flow of 


water to the pan condenser. 
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(b) Automatic measurement of supersaturation for control of graining. 

(c) Automatic control of fluidity by regulating the feed to the pan. 

Controls may also be provided to control steam flow to the coils or 
calandria, record massecuite level in the vacuum pan, etc. 

Use of such equipment greatly assist the sugar boiler. When combined 
with good pan design and well developed techniques, a uniform size, high 
quality sugar can be consistently obtained. 
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CHAPTER 7 


APPLICATION OF THE CONDUCTIVITY METHOD 
TO CONTROL THE CRYSTALLIZATION PROCESS 
AND SEEDING TECHNIQUE 


P. HoniG 
New York, N.Y. (U.S.A.) 


1. Introduction 


The practical application of the electrical conductivity determination of 
sugar solutions as a criterion for the crystallization phenomena was started 
as a laboratory study at the Experiment Station for the Java Sugar Industry 
in 1927. This study was based on the following considerations: 

1. The crystallization of supersaturated sugar solutions has undoubtedly to 
do with the rate of diffusion, and the rate of diffusion is related to the viscos- 
ity. 

2. It is a well known fact that the mobility of ions in solutions determining 
the electrical conductivity is directly related to the viscosity. This relation- 
ship was studied by WALDEN! in 1906, who stated that in solutions with the 
same electrolyte concentration, the relationship between the conductivity 
and the viscosity can be expressed by the equation: 


conductivity < viscosity = constant 


3. The practical method used by sugar boilers to determine the degree of 
supersaturation of sugar solutions is based on a visual observation of the 
viscosity by the so-called string proof. 


A number of studies were made on the differences in the conductivity of 
technical sugar solutions in relation to the viscosity with two objectives in 
mind: 

(a) To determine whether there existed fundamental differences in the 
specific conductance of electrolytes in technical sugar solutions of a known 
degree of saturation, respectively supersaturation as a result of the puri- 
fication technique, respectively the presence of certain types of nonsugars. 

(b) To determine the relationship between the conductivity and the 
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viscosity of supersaturated sugar solutions and to find out the quantitative 
relationship with the intention to apply this relationship for the determi- 
nation of the supersaturation. 

The results of a number of these studies were published in the Mede- 
deelingen van het Proefstation voor de Java Suikerindustrie by HontG, CorvER and 
Nicoxa under the title: ‘On the relation of viscosity, electrical conductivity 
and supersaturation’ as a practical approach to the application of the con- 
ductivity control method for the crystallization process. The history of these 
developments has been described in the Mededeelingen by Hontc and ALE- 
WIJN in 1934?. 

Simultaneously, the application of the conductivity control method was 
studied and introduced in Germany, Czechoslovakia and other European 
countries based on the first publications of the Java Sugar Experiment 
Station. Independent of these studies in Java in 1931, CourRIERE introduced 
in the French sugar industry an instrument based on the same principle, 
which he has given the name of tarphométre. 

According to our knowledge on the development and the introduction of 
this instrument in the practical sugar industry, the first steps were made in 
the Java sugar industry. Approximately in the same period a similar system 
was introduced independently in the French sugar industry. The first 
systematic studies on the relationship between viscosity, supersaturation 
and conductivity of technical sugar solutions were made at the Experiment 
Station of the Java sugar industry. 

This instrument called by the Java Experiment Station the ‘conductivity 
control instrument’ or ‘electrical apparatus for the control on the boiling 
process’ was given the name of ‘cuitometer’ by British manufacturers of 





TABLE 1 
Concentrated sugar Conductivity 
solution in brix in reciprocal ohms 
67.9 0.00446 
TR) 0.00233 
77.4 0.00168 


El 


this control equipment. This is the name under which it is best known in the 


English literature. 
It is a well known fact that the conductivity of concentrated sugar 


solutions decreases with an increase of the concentration. In Table 1 we 
give the data to demonstrate this relationship. 
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The sugar concentration varies from 75 to 85 during the crystallization 
process. It is important for a well conducted and controlled crystallization 
that the brix of the mother liquor does not show a greater variation than 
1° brix. 

For the A-boilings in raw sugar mills at a temperature of 65° C and 
80 brix, there is a considerable variation in the specific conductance of the 
different raw materials depending on the ash content and the ash compo- 
sition. As extreme values, the specific conductance can vary from 0.0002 to 
0.001 reciprocal ohms. 

It was felt when this method was introduced that there had to be a 
correction adjusted to the specific conductance of the raw material to be 
crystallized. The simplest way to achieve this result was by using a variable 
voltage for the circuit of which the conductivity had to be measured. This 
is technically speaking the simplest solution to get a reproducible recording 
of the saturation values with an elimination of the variations in the ash 
content, respectively the specific conductance of the raw materials. 

The practical experience has shown that the conductivity control method 
is an objective method to control the crystallization process. It has found 
its place in the sugar industry alongside the determination of the boiling 
point elevation to control the supersaturation and the determination of the 
brix via the refractive index. 


2. The Use of the Cuitometer as Operational Control Instrument 


(a) Lhe Judgment of the Pan Boiler 


The skill of the pan operator to determine the degree of supersaturation of 
crystallizing sugar solutions is based primarily on his ability to estimate and 
to judge the viscosity of crystallizing liquors via a string proof, determining 
che fluidity between index and thumb. It is difficult to translate this subjec- 
tive appraisal of the consistency in exact terms; it is a visual determination 
of the viscosity combined with the intensity of feeling in touching sugar 
liquors. It has to be realized that if a pan sample is taken on a glass plate, it 
cools down immediately with a tremendous change in the viscosity. It is 
impossible to describe this operational control method as being exact; it is 
highly subjective. It has been found by checking the judgment of pan 
Operators with proper control instruments as, for instance, the boiling 
point elevation or with pan refractometers that the Opinion as to the 


tolerated degree of supersaturation based on a string proof varied at 
random. 
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(b) Viscosity and Conductivity 


It is, however, true that viscosity is related to the concentration of sugar 
solutions. The more concentrated a sugar solution is, the higher the vis- 
cosity. It was in 1928 in studying the physical characteristics of technical 
sugar solutions, investigating the relationship between viscosity, respec- 
tively conductivity of sugar solutions primarily to find an objective way for 
the determination of deviations in the viscosity of low grade boilings, that 
one of us used the conductivity of concentrated sugar solutions as an indirect 
measure for the viscosity. 

There are a number of opinions on the effect of modifications of processing 
on the viscosity of afterproduct boilings as, for instance, a high lime content 
in clarified juice results in a high viscosity of afterproducts and final mo- 
lasses; processing of stale cane, respectively overmature cane results in a 
high viscosity of the third boilings; reprocessing of molasses is one of the 
main causes of high viscosity in third boilings, etc. 

There are a number of practical rules, better to be qualified as prejudices 
which never have been proved actually but which are repeated over and 
Over again as if it were well established facts. The intention of our investi- 
gation was to replace the viscosity determination, which is a time consuming 
analysis, by an uncomplicated simple method being the determination of the 


TABLE 2 


BRIX, SUPERSATURATION, VISCOSITY AND ELECTRICAL CONDUCTANCE OF SUCROSE SOLUTIONS 
CONTAINING 2% KCl % sucrose, at 50° C 


Corr. factor Conduct. 


Resistance KCl conc. ron corr. for 


Super- Viscosity Cond. x 








Brix : ; ; a in in : 

saturation in poises 10% applied to — equal 

3 2 x 10° g/100 ml 3O100 ml KCl conc. 

72 0.968 0.70 1842 0.543 1.962 1.019 1877 
73 1.018 0.87 1479 0.676 1.998 1.001 1481 
74 1.072 1.12 1277 0.783 2.034 0.983 1255 
75 1.130 1.43 Ty 0.895 2.072 0.965 1077 
76 1192 1.79 958 1.043 2.110 0.947 907 
77 1.260 Fae) 799 1251 2.148 0.931 744 
78 1.335 3.05 654 1.529 2.186 0.915 598 





electrical conductivity. In physical chemistry there is a simple rule on the 
relationship between viscosity and electrical conductivity known under 
the name of the rule of WALDEN, stating that the product of viscosity and 
electrical conductivity for the same.concentration of electrolyte per unit of 


volume is constant. 
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We have checked this rule, and it has been found that it is not exactly 
correct for concentrated sugar solutions. We find, for instance, for 29 
KCl on refined sugar for different concentrations the values as given in 
Table 2. 


(c) Specific Conductance of Sugar Solutions 


The determination of the electrical conductivity of sugar solutions is 
simple and rapid. It is essential that in this determination the temperature 
of the sugar solution (respectively molasses) is kept at a constant temperature. 
The conductivity increases with the rise in temperature. Furthermore, it has 
to be determined with an alternating current. There is no objection to use 
the standard frequency of AC as used for sugat mills (50 or 60 per second). 

It is customary to express the conductivity in reciprocal ohms or mho’s 
for a cubic unit, being a volume with a cross-sectional area of 1 cm? at a 
distance of 1 cm (or with a length of the conducting medium). This is the 
specific conductance. 

The resistance of any conducting medium is proportional to the distance 
of the electrodes, resp. the length of the conducting medium (L) and 
inversely proportional to the surface area of the electrodes, resp. the cross- 
sectional area between the electrodes (A); or with the specific resistance 
of the medium (7), the total resistance of any type of cell (or electrode set) 
mounted in a fixed position is: 


It has been the endeavor in the technical construction of technical cells or a 
set of electrodes (as they are commonly called in the conductivity control of 


the boiling process) to make the capacity s for raw sugar factories equiv- 


alent to a capacity of one cubic unit: 





distance between electrodes in cm = L 
. aa 1 
cross-sectional area in cm? = A 


The conductance of the raw materials used in the boiling house in cane- 
sugar mills for crystallization from saturated syrup to supersaturated final 
molasses varies from 200 to 20,000 x 10-® mho, or expressed as the specific 
resistance from 500 to 50,000 ohm per cubic unit. 


Bibliography p. 303 


2 USE OF THE CUITOMETER 255 


(d) Mathematical Relation of Viscosity and Conductance 
The relationship between the viscosity and the conductance of highly 
concentrated sugar solutions can be expressed by the formula: 
conductance x viscosity” = C 


The exponent # is smaller than 1.0. 
In Fig. 7/1 we give an example of such a relationship, tabulated in Table 1. 


conductance 





0.1 
Ol 0.2 030405 07 10 
7 = viscosity in poises 


Fig. 7/1. Relation between viscosity and conductance of sucrose solutions, containing 
2% KCl on sucrose at 50° C between 72 and 78 brix. 
The relation can be expressed by the equation: 
log cond. in mho’s x 10~% + 0.71 log visc. in poises = C 
or 
conductance  viscosity®-?1 = C. 
(The ordinates for viscosity and conductance are given in the logarithmic scale.) 


The data used in this graph were determined accurately in the laboratory. 
It is valuable to determine the exact relationship between viscosity and 


TABLE 3 


CONDUCTANCE CORRECTED TO THE SAME KC] CONCENTRATION 
(2.00 G/100 ML) BY THE FORMULA 
2 


KCl CONC. AT BRIX @ 
ee ene ee ee ee SS 


Brix y cor. © 40. 





7 CORRECTED = 7 AT BRIX @ X 





72 1877 
a 1481 
74 1255 
75 1077 
76 907 
77 744 
78 598 


a 
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electrical conductance to make the comparison for a uniform salt concen- 
tration per unit of volume. Using the data of Table 1 to calculate the con- 
ductance corrected for the same KCl-concentration, the low values are 
found as given in Table 3. 







° 
Ono 
sale corrected for the-——¥ 
6 O68 same KCl concentration “ 
Q 05 per volume unit 
1S) 
8 0.4 
220.5 
c 
8 

Qe 

0.1 

O. 0.2 0304 06081.0 


n =viscosity in poises 


Fig. 7/2. Relation between viscosity and conductance of sucrose-KCl solution at 50° C 
can be given by the equation: 
log. cond. in mho’s x 107% + 0.71 log visc. in poises = C 
or 
conductance X viscosity®"1 = C, 
Correcting the conductance for the same KCl concentration per unit of volume (2 g 
per 100 ml) the relation can be expressed by the equation: 
conductance xX viscosity®-®° = ¢ 
(The ordinates for viscosity and conductance are given in the logarithmic scale.) 


This relation between viscosity and corrected conductance has been repre- 
sented in Fig. 7/2 together with the relationship between viscosity and 
conductance wacorrected for the salt concentration. Fundamentally, there is 
no change in this relationship. When the conductance is corrected for the 


same salt concentration per unit of volume, the exponent ” approaches the 
value 1.0. 


(e) Supersaturation, Viscosity and Conductance 


A large number of determinations has been made to determine the relation- 
ship between supersaturation and viscosity, respectively the supersaturation 
and the conductance. In Fig. 7/3 we give an example of these determinations 
made with solutions of pure sucrose to which 2° KCl had been added. Of 
these solutions have been determined accurately the saturation values at 
different temperatures. It follows from these determinations that the ratio 
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of viscosity (or electrical resistance (1/cond.) of sugar solutions and supet- 
saturation can be represented by a very simple formula: 


supersaturation (or brix) = n - log. viscosity 









or 

supersaturation (or brix) = y - log. resistance 
a 

| resistance = @ x 10° 

a 

= se 

. =~ 

re) x 

2 

> 

1.0 

09 

O. 

0.7 

O06 - a 

0.5 

O: 

0.3 

0.2 

0.98 1.02 1.07 113 1.19 1.26 1.33 supersaturation 
J 
: 72 73 7 75 76 77 78 brix 
Fig. 7/3. Relation between brix (and supersaturation) of the sucrose-KCl solution 


1 
oO . . D ° 
(2% KCl on sucrose) and the viscosity and the resistance (<snaacs tactance) at 502-C 


Using linear coordinates for the conductance and the supersaturation, we 


cond.=10°°x n 





100 104 1.08 112 116 1.20 1.24 128 1.32 1.36 
supersaturation 
Fig. 7/4. Relation between the conductivity of a sucrose-KCl solution (2% KCl on 
$ ° 
sucrose) and supersaturation at 40°, 50° and 60° C. 
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find relationships as given in Fig. 7/4 for solutions of sucrose and KCl. 

For molasses of low purity and at temperatures used in crystallizer 
operations, the relation between viscosity and electrical conductance has 
been determined in the same way. For two molasses having the following 
composition as received from the factories and obtained under normal 
operational conditions: 


sf. Ass. sf. Gemp. 


EEE! 


Brix D55 957 
Pol zk igh 
App. purity 33.6 28.3 
Clerget sucrose 36.7 32.4 
Sucrose purity 38.8 fs Se Be 
Reducing sugars iba) 26.1 
Uncorr. sulphated ash 18.85 13.0 
True dry solids 82.0 84.0 
True purity sucrose/true dry solids 44.8 38.6 
RS/ash ratio 0.80 2.01 


These molasses samples were diluted with water to free them from any 
trace of crystallized sucrose, reconcentrated and diluted to different concen- 
trations for the determination of viscosity and conductance. The values 
were as given in Tables 4a and 4b and are represented graphically in Fig. 7/5. 








TABLE 4a 
VISCOSITY AND CONDUCTANCE OF MOLASSES WITH HIGH ASH CONTENT® 
TEMP. 50° c ASH 20.3% 
C. ASSEMBAGOES 

: True dry Viscosit = 
erie solids in ee estes IAL 
96.2 82.7 45.7 Jie 
95.0 81.7 28.6 1201 
94.2 81.0 22.6 1451 
93.9 80.7 A 1677 
O27 roe 12.8 2122 
92.0 IA 10.5 2501 
91.0 78.2 8.9 2987 


CV —,,,,—————— 


(£) Conductance and Technical Sugar Crystallization 


As a general rule, the reciprocal value of conductance or the electrical 
resistance of concentrated sugar solutions varies in the same way as the 
viscosity, and it is possible to use the conductance as an indication for the 
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concentration, respectively the supersaturation of crystallizing sugar 
solutions. 


TABLE 4b 
VISCOSITY AND CONDUCTANCE OF MOLASSES WITH LOW ASH CONTENT? 
TEMP. 50° c ASH 12.9% 
C. GEMPOLKREP 
SSS 
True dry Viscosity 





Brix solids in poises Cond. x 10° 
95.2 86.0 77.8 203 
93.6 ; 84.6 40.2 284 
92.9 84.0 PADS! 374 
91.1 82.3 j Wie 27 
90.1 81.4 155 646 





conductance in mho's 
nx 1 






true dry solids Ass. 
© true dry solids Gemp. 
© 

(oo) 

viscosity in poises 


Fig. 7/5. Relationship between electrical conductivity and viscosity in poises at 50° C 
for 2 molasses with a high (Assembagoes, 20.3% ash on true solids) and a low (Gempol- 
krep, 12.9% ash on true solids) ash content. 

This relation can be expressed by the usual formula: 
log cond. + n log visc. = ¢ 
or 
cond. X visc.2 = ¢ 


It must be understood that the relationship between purity, supersatura- 
tion, temperature and conductance is complex. It is not possible with the 
available data to give a simple mathematical expression for the relationship 
between the variables entering into the operational conditions of practical 
and technical crystallization of sucrose. There are, however, in the normal 
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working conditions in sugar factories certain limitations in the variations 
in the most important operational criteria. For A-, B-and C-boilings in raw 
sugar mills, the purity of the three types of boilings varies normally as 
given in Table 5. 

Another limitation in the practical application of the conductivity as a 
criterion for the concentration is the temperature of the crystallization 
process. The common practice is to use at present a crystallization technique 
applying for the different types of boiling a maximum vacuum of 25”—26" 
mercury or an absolute pressure of 0.06-0.08 kg/cm?. 

For the purities as given in Table 4, the boiling point elevation at the 
saturation point varies for this absolute pressure of 0.06 to 0.08 kg/cm? 
between 8° and 13° C. The normal boiling point elevations found in A, B 
and C-boilings for a vacuum range of 25”—26", with the corresponding fluc- 
tuations in the supersaturation, are also given in Table 5. 

This boiling point elevation is the increase in temperature in boiling 
technical sugar solutions over the temperature of pure water. The boiling 
point for pure water is given for vacua from 25”—28” in Table 6. The normal 
working vacua for A and B-boilings are, as stated, in a modern well- 


TABLE 5 


THREE-BOILING SYSTEM OF CANESUGAR MILLS; VACUUM 25”—26” 








a Max. Max. boiling 
Brix at Lemper- Boiling supersaturation point 
Purities satu. .2tutes point used in cryst. resulting 
tation +” Pans elevation process in pans, from applied 
ee: aie excl, or supersaturation 
nucleation ine 
A-massecuite 
and syrup _ 82-88 76-78 61-65° 8 9° 1.20 1.6-1.8 
B-massecuite 
and A-molasses 70-76 78-79 63-67° 9-10° 1.30 2.7-2.8 
C-massecuite 
and B-molasses 58-64 80-82 65-69° 10-11° je 3.5-4.5 
Final molasses at ‘as 
moment of dis- 
charging C-masse- 
cuite from pan 36-42 83-84 67-72° 11-13° 1.40 4.0-6.0 


eS 


equipped factory 25”-26". It is preferable to have the best possible vacuum 
in the C-boilings for a minimum decomposition in this type of boiling. 
One inch difference in vacuum makes for the same supersaturation a 
difference in the boiling point of more than 6° to 7° C (or 11° to 12° F). 

The practical problem of the application of the conductivity control is 
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reduced in this way to the problem to determine the fluctuations of the 
conductance for a certain range of purities and supersaturations, and to find 
out whether these variations in the conductance value give an applicable 
indication as such for the conditions of crystallization, respectively rate of 


TABLE 6 
BOILING POINT AND PRESSURE OF WATER UNDER THE CONDITIONS OF THE BOILING HOUSE 
IN SUGAR MILLS 








Vacuum in Vacuum in Absolute pressure Temperature 

inches Hg cm Hg in psi abs. in kg/cm? °F Cc 
28 a | 0.94 0.032 100.05° ey Phe 
27 68.6 1.44 0.050 114;3° 45.7° 
26 66.0 A i 0.067 124.9* 31,07 
2 63.5 2.43 0.084 j Ee by 56.3° 


crystallization, formation of new nuclei and dissolving of crystallized 
sucrose as a result of the state of saturation. 

The answer to this question is that this can be done and that the use of 
the determined conductivity is a much better guide than the use of the 
viscosity that is estimated by a string proof. 

What are the normal fluctuations in the conductance of the different 
types of boiling? These variations are determined primarily by the varia- 
tions in the purity combined with variations in the ash content of the 
nonsugars. It are primarily the ash constituents which are the determining 
elements for the conductivity. Furthermore is important the vacuum on the 
pans. An optimum vacuum results for the same degree of supersaturation 
in a lower temperature of the massecuite. This corresponds with a lower 
conductance. This is more or less an element in the conductance control 
determined by the technical efficiency of the installed factory equipment. 

The ash content, determining primarily the conductance of technical 
sugar solutions at constant temperature and brix, varies from mill to mill, 
but as a tule the daily variations are in raw sugar mills determined by the 
purity of the considered sugar house products. We are using as the normal 
expression for the ash content, ash % nonsugars, being characteristic for a 
certain area and period of harvesting. For molasses of Cuban mills the value 

ash 
brix — pol 
systems the ash content of the boilings (and syrup and molasses*) vaties as 
given in Table 7. 


x 100 varies between 15 and 20. For the three-boiling 





== it 
* Calculated by the formula: brix = es x 0.15 to 0.20 
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TABLE 7 


a 
Ash content % 





Brix at : ’ 
Puriti 5 massecuite at saturation 
poe ee concentration* 
A-massecuite and syrup 82-88 76-78 1.4- 2.8 
B-massecuite and -A-molasses 70-76 78-80 2.8— 4.7 
C-massecuite and B-molasses 58-64 80-82 5.2— 5.8 
final molasses 36-42 83-85 7.3-10.7 


nn ata E yy ySs 


For a syrup in canesugar mills of a purity 80 at a temperature of 65° C, the 
solubility of sucrose at saturation is 3.05%, water. The brix of this solution 


1S kl aes 
An increase of 0.5 in brix corresponds with an increase in the supersatura- 








79.7 x 0.80 
100° $79.7 3.12 2, toes i 
tion** of 305 = 305 = 1.03. This gives a decrease in the electrical 


conductance of approximately 7 to 8%. 

In the concentration range of the crystallization process, a change of 
0.1 brix of the sugar solution gives at constant temperature a change in the 
electrical conductance of 1 to 1.59%. A change in the supersaturation from 
1.10 to 1.30 reduces the conductance to approximately 50°, of the conduc- 
tance at 1.10 supersaturation. 

It can be agreed that the conductivity control is only reliable for identical 
operational conditions for boilings of the same purity and nonsugar compo- 
sition. 

But the same arguments exist for other control systems; boiling point 
elevation and pan refractometer control have also to make their compen- 
sations for vacuum level and vacuum fluctuations. 


(g) Electrode Cells in Technical Conductivity Control 


What kind of electrodes must be used for technical boiling house control? 

The development of the construction and design of electrodes shows 
different aspects. The endeavor was from the beginning to construct the 
electrode cell with a capacity equal to 1 cubic unit (distance and cross-section 


100 — purity 
—— x 0.15 to 0.20. 
. 100 Belge 
** The supersaturation has been calculated in the classical Way as: 
sucrose present per 100 water at temp. T 
sucrose dissolved in a saturated sugar solution of the same purity 
at temp. T 


* Calculated by the formula: brix 





supersaturation = 
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= 1). It had to be installed in the pan in such a way that the crystallizing fill 
mass was flowing freely between the electrodes, that the measured conduc- 
tivity could be considered to be representative of the circulating fill mass. 
This was achieved by using small metal cylinders as electrodes. In mounting 
these electrodes in the pan wall, the position of the electrode was independent 




















+ 35 
25 electrode electrode 
i (constr. material copper) ¥P constr. mat.: copper, 


rubber ring silver plated 


round copper bar 


round copper bar 
(D ) ( @ 10mm) 


6mm 


pyrex glass tube porcelain 





_-@ 18mm 








asbestos 
pakking 





rubber ring 


Fig. 7/6. Construction of the first type of electrode as used in the Java sugar industry 
in 1931. As insulation material was used glass. The electrode was supported by a copper 
tod of 6 mm diameter. This type of electrode was occasionally damaged, particularly 
in discharging pans where the glass insulation broke near the pan wall. 
Fig. 7/7. Electrode introduced in 1932. Insulation: porcelain. The electrode itself has 
been silver plated to reduce the formation of scale affecting the capacity of the electrode 
set. The copper conductor supporting the electrode has been strengthened using a larger 
diameter for this supporting conductor (10 mm diameter). 


of the system of mounting. The electrodes were placed in such a way that 
the axis between the electrodes, being the direction of the flow of the electri- 
cal current, was perpendicular to the flow of the crystallizing fill mass. 
Furthermore, it was necessary that the electrodes were installed insulated 
in the fill mass, far enough removed from metal surfaces either pan wall or 
the construction materials of supports and evaporating surfaces to be 
certain that what was measured actually was the conductivity of the crystall- 
izing sugar product. 

In the Figs. 7/6-7/11 we give schematic drawings of the development of 
the construction of the electrodes (resp. the construction of the electrode 
cell). In this construction, form of electrodes, absolute distances of electro- 
des and the flow of circulating fill mass of which the conductance has to be 
determined between the electrodes must be considered. 
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In recent years, electrodes have been.constructed as a round metal cylinder 
mounted in a piece of modern insulating plastic of low conductivity, good 


Electrode 









used as insulation material 

thick wall tubing [bore 2" (12-13 mm), 
wall thickness /e"] 

120 copper bar (10 mm) 

Also a tubing of plastic 
can be used to insulate 
the conductor, connecting 
the electrode with the 
circuit 


g¢ 19mm 








asbestos packing 


Fig. 7/8. Type of electrode made with rubber or plastic tubing as insulation. The gland 
to mount the electrode in the pan wall has been welded to the inside of the pan wall. 


electric 
t 


ne 


| transformer with adjustable 
voltage of 2,4, 6, 8, 12 and 16 V. 





electrodes to be inserted 
inthe medium of which the 
conductivity has to be 
determined (distance be- 
tween electrodes 1cm; 
area of electrodes 1cm2) 


= 
Mil mA-meter with low internal resistance 


Fig. 7/9. Circuit for the determination of the conductivity of massecuites. 


switch 


workability and of sufficient mechanical strength that it cannot be deformed 
or easily damaged as the result of the moving fill mass or as the result of the 
temperature fluctuations to which the electrode sets are subjected in steaming 
or filling the pans with syrup at the start of the boiling process. The plastics 
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Fig. 7/10. In the mounting of technical electrodes in 
pans it is desirable that the following relation between 
the different essential dimensions is maintained: 

Lo eat led, 
hxd 
heart to heart, 4 = height of electrode, d = diameter 
of electrode. All dimensions have to be expressed in 
the same units, f.i. cm. In practice the following dimen- 
sions are used: L = 5 — 8,4 = 24 —3,d= 1.6 — 2. 
It is necessary that the distance of the electrodes to the 

pan wallis D=2L= 10 — 16. 


= 1 where L = distance between electrodes 
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Fig. 7/11. To overcome the difficulties in mounting electrodes in pans to have equal 
capacities for the electrode cells in different pans, electrodes have been developed where 
both electrodes are inserted in one rigid supporting holder. It is possible to calibrate 
these electrode cells and to make the capacity exactly equal to 1 cubic unit (cm*), With 
modern plastics which can be obtained as molding materials it is possible to construct 
these electrodes in the workshops of the sugar factories. A number of these modern 
plastics have a good workability and can easily be finished at the exact dimensions as 
required for inserting the electrodes and to have a set of electrodes of a predetermined 
capacity with an accuracy of + 2% 
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that can be used for this purpose are numerous. Some can be obtained as 
powder or liquid molding material, and it is possible that the electrodes are 
constructed by the sugar mills themselves. 

The endeavor has been to make electrode sets identically as to capacity, 
determined by the surface area and form of the electrodes and the relative 
distance of the two electrodes. This makes it possible that in factories, for 
instance, one recording instrument can be used for recording either the 
conductivity at different places in the same pan or recording simultaneously 
the conductivity in different pans. 

The calibration of the electrodes must be done in the laboratory with 
standard KCl-solutions and the proper kind of equipment for accurate con- 
ductance or resistance determinations. It is possible in many cases, if the 
capacity of the manufactured set of electrodes is not exactly one cubic unit, 
by reducing or increasing the surface area of the electrodes, to make the 
capacity exactly equal to the unit. 


(h) Magnitude of Conductance in Technical Raw Sugar Crystallization 


Considering the tables for the conductivity as met in actual practice, we have, 
with an electrode set of 1 cubic unit capacity, found that the electrical current 
for different voltages going through the crystallizing raw material is as 
follows (Table 8). 








TABLE 8 
Voltage AC Current in mA Corresponding Corresponding 
Bieveles iace (scale range conductance in mho’s resistance in ohms 
0-100 mA) HO ee Q Xx a 
2 10 50 90 5000 25000 45450 200 40 22 
4 10 50 90 2500 12500 22700 400 80 44 
6 10 50 90 1667 8335 14925 600 120 67 
8 10 50 90 1250 6250 11350 800 160 88 
12 10 50 90 834 4167 8000 1200 240 125 
16 10 50 90 625 3125 5650 1600 320 177 
mys 10 50 90 312 1560 2820 3200 640 354 


eee 


It is for this reason that the technical equipment for conductivity control 
consists of a transformer of which an adjustable variable but constant voltage 
can be taken to such an extent that for the practical conditions of crystalli- 
zation, the current fluctuates between 10-90 mA. This is fundamental in the 
construction of the equipment for the conductivity control. 

The complete equipment consists of the following elements: 

1. The electrodes, kept in a fixed position in the massecuite. 

2. The source of the electric current, being alternating current of low 
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voltage. This voltage must be constant and must be adjustable to obtain a 
sufficient current that can be measured with standard control instruments. 
The voltage with the commercial conductivity control instruments can be 
varied and set at 2-32 volts. It is possible to use a variable transformer with a 
continuous voltage range as, for instance, Varitran made by Fisher Scientific 
Co. with a voltage range from 0-120, using as supply source the 110 V. 
60 cycle line. Preferable for factory control is a transformer with fixed 
position for the standard voltages to be used in the conductivity determina- 
tion. 

3. The electric current going through the massecuite, determined by the 
conductivity of the massecuite, is indicated by an mA-meter or it can be 
registered by a recording mA instrument. 


(i) Commercial Conductivity Control Equipment 


The elements of the conductivity control system are generally available 
commercial electrical instruments: 

1. A transformer with an adjustable voltage outlet. 

2. An indicating or recording mA-meter with a low internal resistance. 

3. Electrodes which can be constructed by the workshops of the sugar 
factory. 

These elements can be ordered separately by the sugar mills and the elec- 
trodes are made in the workshop of the mill and then it is all assembled. It 
is a simple technical construction; the calibration can be done by the mill 
laboratory. It is also possible that the whole equipment is ordered from 
manufacturers specialized in control instruments. Well known manufacturers 
of conductivity control equipment are: 

The Sugar Manufacturer’s Supply Co., 7 & 8 Idol Lane, London E.Cr3; 
England, manufacturing the cuitometer; 

Heemar, Hengelo, the Netherlands, manufacturing the electrical conduc- 
tivity control meter; 

George Kent, Ltd., 199-201 High Holborn, London W.C. 1, England, 
manufacturing conductivity instruments for boiling house control; 

Ludwig Seibold, Helferstorferstrasse 6, Wien 1, Austria, manufacturing 
the ‘Leitfahigkeit Kochkontroll Apparat’; . 

S.E.C.L.P., (Promesur), 23 Rue Clapeyron, Paris 8°, France, manufacturing 
the tarphometre. 


(j) Application of Conductivity C control in Different Countries 


The total number of conductivity control instruments in use today over the 
whole world is estimated as follows: 
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Java, where this control method in the cane sugar industry originated 250 
India and Formosa (Taiwan) 150 
Australia 50 
Mauritius and South Africa 30 
European beetsugar industry, including Russia, Czechoslovakia, Poland and Hungary 400 
European refineries 15 
Western Hemisphere (U.S.A., Middle and South America, incl. Caribbean) 70 
Philippines 15 


It is surprising that the application of this method has found its broadest 
field in Java and neighboring countries, and in the European beetsugar 
industry. In Europe it is the result of the extensive studies made on this 
control system by the sugar research experiment stations in Berlin, Prague 
and Brno. Systematic studies made of this control method in the Western 
Hemisphere, including the Caribbean, are practically nihil. 

The explanation may be that already other systems of pan control existed 
and were developed particularly in Hawaii and by the Crockett Refinery, 
and that the instruments required for control using the boiling point ele- 
vation had been developed to a great perfection by well known manufac- 
turers of control equipment whose instruments had already found a wide 
application in the sugar industry in the Western Hemisphere. 

A proof of the reliability of the conductivity control is that this method 
can be used for complete automatization of the crystallization process. In 
Australia and in the European beetsugar industry, pans have been equipped 
with recording instruments for measuring the conductivity which are 
operating simultaneously the intake valves for the pans, making it possible 
that from the time of the formation of the grain, respectively from the end 
of the built up of the footing the boiling process is done fully automatically 
and without human interference in the whole operation. 

Equipment for the automatization of the boiling process using the con- 
ductivity values is constructed by: | 

George Kent, Ltd., 199-201 High Holborn, London W.C. 1, England; 

Ludwig Seibold, Helferstorferstrasse 6, Wien 1, Austria. 


(k) Application of Conductivity Determinations on the Pan Floor 


In the technical application of the conductivity control, it is customary to 
apply a number of simplifications in the used equipment and in the inter- 
pretation of the measured conductivity. 

It is possible that recorded mA readings are calibrated directly in super- 
saturation values. Equipment realizing this aim has been made and practi- 
cally used. This equipment is based on the following relations: 
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(i) The specific conductance of any kind of raw material for the crystalli- 
zation process from syrup to exhausted molasses, determined at 30° C and 
at a brix of 27 — 29, is 6.4 times the specific conductance of the same raw 
material at the saturation point at temperatures as normally met in pan work 
$09 °—75° C). 

This relationship can be used by constructing a set of test electrodes with 


1 
a capacity exactly eq 0 0.156 times the capacity of the technical electrodes 


inserted in the pan for practical control purposes. 

By analyzing any kind of raw material with test electrodes on conductivity 
at 30° C and 27-29 brix, it is possible by adjusting the voltage of the trans- 
former feeding the circuit to set the reading exactly at the saturation line. 
An example of such a setting is given in Fig. 7/12. 
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Fig. 7/12. Example of recording paper for conductivity control on which the saturation 

and supersaturation values are indicated. ; 

This system of recording is only possible by analyzing the raw materials for crystal- 

lization on specific conductance at 30° C and 27-29 brix with an electrode cell having 

a capacity of exactly 0.156 times the capacity of the pan electrodes. The zero line for this 

supersaturation control has to be set by adjustment of the transformer voltage according 
to the specific conductance of the tested raw material. 
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The normal materials for the crystallization process in canesugar mills 
with purities between 85 and 60 show the following relation between 
conductance (or mA meter readings) and supersaturation at temperatures 
betweeen 65° and 70° C: 


mA supersaturation 


88 1.00 
70 1.10 
54 1.20 
44 1.30 
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Fig. 7/13. Graining of a footing for C-boilings with powdered sugar, suspended in 
alcohol, in A-molasses (purity 70-71, voltage transformer 12). Factory B. Pan boiler P.S. 
inet race, I ca Se SESS 





Readi Resistance Cond. 
Time r% ihe of mc. n x 106 
TE Stee eset ee x b 
9.05 Introduction of powdered sugar slurry, 
steam inlet on pan reduced (A) 28 428 2336 
9.08 Started with continuous intake of 
movement water (B) 24 500 2000 
9.25 End of use of movement water, grain 
well formed, steam inlet opened, started 
feeding pan with B-molasses (C) 50 240 4170 





The feeding of the pan was regulated on mA-meter readings; it has been tried to main- 
tain the mA-meter at 50 mA, it fluctuated actually between 39 and 56. This variation is 
considerable and corresponds with a variation in the supersaturation of at least 0.10. 


Fig. 7/14. Graining of a footing for C-boilings with dry powdered sugar in A-molasses 
(purity 74-75, voltage transformer 12). Factory A. Pan boiler A.D. 











: Resistance Cond 
Time Reading of me. in n x 10-8 

mA-meter Osea vase 
9.12 Introduction of powdered sugar, star- 
ted feeding pan with movement water 

and reducing steam inlet to pan (A) 24 500 2000 
9.16 Increased the amount of movement 

water (B) 32 ao 2666 


9.25 End of use of movement water. Grain 
is aH formed. The molasses has prac- 
tically reached the saturation point (C) 77 156 
Started feeding pan with A-molasses. a 
Steam inlet to pan full open 
9.40 et of pan with A-molasses in- 
creased (D) 32 375 
9.40-12.10 conductivity maintained between 34 and 54 mA. “= 


eae started reducing feeding of pan, increasing slowly the concentration of the masse- 
uite. 


eee 
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Fig. 7/15. Recording of B-boiling started on a footing of C-sugar in syrup magma. 
The recorded graph is an example of an irregular form of boiling. 

The conductivity as indicated by the mA-meter readings fluctuated from 34-53. 
Voltage transformer 16. Temp. massecuite 68-69 ° C. Purity 74-75. 

At A a beginning of false grain formation could be observed. The secondary grain was 
not removed by washing. To dissolve secondary grain it is necessary that the masse- 
cuite is diluted below the saturation point, corresponding for this type of massecuite 
with approximately 65 mA-meter reading. The conditions of crystallization were as 


follows: 
ae 


mA-meter readings 





34 53 
Conductance n X 10-* x b FAIS 3311 
Resistance in Q x a 471 302 


en CEU U UE EEE SEE ESSE 


The lowest conductance corresponded with a supersaturation of approximately 1.30-1.35. 
The highest conductance corresponded with a supersaturation of approximately 1.15. 
This graph is an example of irregular feeding of the pan, a rather ‘stiff’ boiling. 


Fig. 7/16. Recording of B-boiling started on a footing consisting of C-sugar and syrup. 
The recorded graph is an example of a well conducted boiling of £-massecuite. 
Voltage transformer 12. 

Temp. massecuite 70-71° C. 

Purity 72. 

Sucrose solubility at circa 7-71° C and 72 purity = 358% water. 

The position of the inlet valve for A-molasses has been changed at the points A-G 
indicated in the recorded graph. 

The endeavor was to maintain the conductivity at a mA reading of 45. The actual fluc- 
tuation in the mA reading was from 39-52, corresponding with the following values: 





mA-meter readings 











39 52 
Conductance n xX 10-8 x b 3247 4329 
Resistance inf) x a 308 231 
Brix 85.9 83.4 
Sucrose % water 4.39 3.61 
oe 
100 — rs) 
Supersaturation 1 BY 1.01 


—————— eee 
Characteristic for this system of boiling i i 
-ristic this. a g is that in the period from B — C th 
been boiled in a ‘thin’ condition. At the point C the boiling has been stiffened hel oa 
character of the boiling remains fairly fluid. 
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Fig. 7/16 
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Fig. 7/15 
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The transformer voltage must be adjusted to a current of 88 mA when 
measuring the considered raw material with the test electrode at 30° C and 
2i—29 brix: 

For the application of conductivity control, it is a most valuable relation 
when heating under stirring a saturated technical sugar solution (syrup or 
molasses) in which sucrose crystals have been suspended, although a certain 
amount of sucrose will dissolve resulting in an increase of the brix of the 
solution, that at the same time the effect of the rise in temperature on the 
conductance is counteracted and compensated by this increase in brix. 
Such a mixture iz the same state of saturation shows small fluctuations in 
conductance with temperature variations. This is one of the great advantages 
of the conductivity control. 

(ii) Under normal conditions we use the conductivity control primarily 
to apply the best technique developed at a certain mill by the best qualified 
and most experienced pan boiler as an example for the other boilers to 
follow. It is possible to make master charts for the different types of boiling 
as normally made. These master charts are used as an example of good 
operations for the other boilers who have less experience. It is also possible 
that a master chart after some time is developed by the factory staff, if they 
ate familiar with the performance of different pans and normal raw materials. 

A disadvantage is that we do not know in most cases the capacity of the 
electrodes that have been installed in the pans. Neither has it been customary 
up till now in most factories to apply the principle of test electrodes and to 
make special graph paper on which is given directly the supersaturation in 
relation to the conductance. This system can only be applied if we have 
electrodes of a known capacity; and it is necessary to make a special investi- 
gation on the characteristics of the whole control equipment. It is recommen- 
dable in this case to use a transformer with an accurately adjustable voltage. 


(1) Recorded Conductivity Charts of Boilings in Canesugar Mills 


In Figs. 7/13 and 7/14 we give two examples of the boiling of the footing 
for C-massecuites, using A-molasses as the material in which the grain has 
been formed via the introduction of powdered sugar. These two examples 
demonstrate that the technique of boiling at the two mills was not identical. 

Although in both mills the seeding system of A-molasses with powdered 
sugar was relatively new (it had been introduced in 1954), it shows that in 
each of the mills a boiling system was developed with its own characteristics. 
The conductivity control is in this case a good illustration of the informative 
character of the conductivity registration. It teaches us the operation method 
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of the pan personnel and it enables us to analyze the operational conditions 
from which it can be stated whether fundamental misjudgments have been 
made by the pan operator. 

In Figs. 7/15 and 7/16 we give two examples of a boiling of B-massecuite 
using the magma of C-sugar as footing. It demonstrates the different tech- 
niques of different pan boilers. One is using a regular intake with rather thin 
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Fig. 7/17. Finishing C-boiling before discharging to 
massecuite 73-74° C, voltage transformer 32). 
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crystallizers (purity 58.5, temp. 








; Resistance Cond. 
Time oes of me. in fi 1058 
lea x 

3.40 Stop of feeding B-molasses, continued 
boiling with the feeding of a small quan- 
tity of movement water to support 

circulation (A) 48 667 1500 

4.18 End of boiling and pan discharge (B) 40 800 1250 


ee 

This recorded graph is an example of the final phase of the boiling of C-massecuites to 

bring the concentration of the massecuite to be discharged to a high density, maintaining 

a good circulation by having a satisfactory rate of evaporation via the introduction of 
movement water. 


boiling. The boiler whose work is represented by Fig. 7/15 is using as 
average a higher density but at the same time keeps the fluidity of the boiling 


much more irregular. . 
In Fig. 7/17 we give an example of the end of the C-boiling before dis- 


charging. This is an example of a typical and extremely valuable application 
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of the conductivity control. It is possible to end the C-strike before dis- 
charging at an exactly predetermined density, making it possible only by 
cooling in the crystallizers to be followed by reheating before centrifugation 
to get a maximum practical exhaustion of the final molasses, without appli- 
cation of any dilution water in the crystallizers. 

Carefully analyzed experience has proved that at last the same purity of 
molasses can be obtained without any dilution of the massecuite in crystalli- 
zers if the C-massecuite is boiled to a known density in the pan before 
discharging. 

A common mistake in boiling C-massecuites is that in the last hour of the 
strike before discharging, the density is brought to a too high level with the 
danger of overheating the massecuite in the pan as a result of insufficient 
circulation, and that the density is such that we are forced to dilute in the 
crystallizers to prevent breaking and damaging of the crystallizer equipment. 

The only method we have at present to determine exactly the density of 
C-massecuites, respectively the viscosity in exact terms at the end of the 
strike, is by the application of the conductivity control system. Even if this 
application were the only conductivity control it had already deserved a 
prominent place among the modern control methods in sugar factories. 


(m) Modification of the Conductivity Control Method 


Ducasse in Natal has introduced a control system based on the conductivity 
of the materials to be subjected to the crystallization process in pans, applying 
the voltage differential between two different metals as the source to have a 
small electric current to be measured passing between the electrodes. 

It is possible with this system to have one isolated electrode in the masse- 
cuite and to use the pan wall as the other electrode. As the isolated electrode 
in the massecuite a zinc electrode can be used. The pan wall consisting of 
iron gives a potential difference of 0.25 to 0.8 V. The current is a direct 
current and can be measured with a sensitive micrometer. It is also possible 
to measure the voltage between electrode and pan wall as an indicator for 
the concentration of the massecuite. The set up of this control system is as 
given in Table 9. 

The use of two different metals as electrodes in a crystallizing sugar 
solution produces a measurable direct current in the circuit which is deter- 
mined by the voltage difference between the electrodes and the resistance 
between the electrodes. This system has been described in the literature and 
has been applied in a few Natal sugar factories, 

In Table 9 we give the differences between the two methods. 
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nn 


Honic-ALEWwIJN 
conductivity control 


DUCASSE 
method 








Electrodes 


Voltage 





Cu, Ag or stainless steel; 
identical 

4, 6, 8 or 16 V for control 
purposes, voltage constant 


Cu and Zn, or Cu and Fe; 
different 

using the potential difference 
between the two electrodes; 
max. voltage diff. 1.10 V, 


voltage variable 
Cu electrode flat; Zn electrode 
number of plates; cap. ext. 


+2to3 


Capacity of 


projected surface per 
electrodes system 


electrode 6 cm?; distance 3 
Po ein: cap, ic == 1 to.2' 


cap. of electrode system has 
preferably to be calibrated 


Type of current alternating; direct current 
50 or 60 period/sec. 
Type of control mA meter micro V meter or micro A meter 


instrument 
Normal resistance for 
boiling process 
C-boilings 
Current to be 
measured 


100-2000 Q per cm? 100-2000 2 per cm* 


0-100 mA 0-10 mA 





3. Graining of Low Grade Boilings in Raw Sugar Mills 
(a) Graining of Low Grade Boilings with Powdered Sugar 


The graining technique for low grade boilings in canesugar factories 
becomes more and more a standardized operation, having the following 
characteristic elements: 

1. The grain formation is done by seeding a supersaturated material in 
the vacuum pan with extremely fine powdered sugar introduced in the form 
of a slurry in an organic solvent having a low solubility for sucrose, or as a 
suspension of finely powdered sugars in a slightly supersaturated sugar 
liquor. 

2. This seed grain is introduced in a supersaturated molasses of rather low 
purity, preferably an apparent purity between 70 and 75. 

The advantage of a low purity of the footing is that the formed crystals 
are of great uniformity. There are practically no conglomerates. Occasionally 
there is the formation of twin crystals but this is primarily the result of the 
nonsugar composition and not of a controllable operational factor. . 

A disadvantage of the use of low grade molasses for graining 1s that it 
takes some time (15-35 minutes) before the small introduced nuclei have 
developed into well-formed crystals of a visible size which must be approx!- 
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mately 0.05 mm. When this grain size has been reached, the second phase of 
the boiling process can be started, being the introduction of molasses for 
filling up the pan. 

3. After the introduction of the slurry of finely powdered sugar, it is 
recommended to keep the mass in active movement and circulation by a 
lifely boiling process which can be sustained during this initial period of 
growth of the nuclei by the introduction of the so-called movement water. 

The significance of the introduction of movement water is that a satisfac- 
tory rate of evaporation can be maintained without the danger of having a 
too high supersaturation involving the formation of secondary grain. 

4. The system of graining on powdered sugar in low purity molasses can 
be standardized by the use of the conductivity control method. 

It can be guaranteed, if the prescriptions for this system of graining are 
followed carefully, that the resulting grain in the footing is uniform, con- 
sisting of well-formed regular sucrose crystals, free of complexes, clusters or 
conglomerates. 

As at this moment the literature on this phase of the crystallization tech- 
nique is growing, some publications are to a certain extent conflicting, re- 
spectively confusing in the statements made as to the recommendable 
technique. It is considered advisable to review the different phases of this 
crystallization technique. 


(b) What Kind of Powdered Sugar Should be Used? 


There exist a number of methods to prepare or select a finely divided sugar 
as the source material for the nucleation in low grade products: 

1. One of the oldest systems to get powdered sugar is to collect the fine 
sugar from the cyclones from sugar driers in refineries and to use this sugar 
as a dry powder to be introduced in a pan when a sufficient degree of 
supersaturation has been reached. The experience has shown, however, that 
the powdered sugar collected in this way is not a uniform product. Further- 
more, this system of introduction of nuclei did show that this method 
usually was not a seeding method but as the sugar was sucked in in a dry 
state suspended in air, it was actually more a shock seeding method. It was 
considered that the air as such caused also the formation of nuclei similar to 
the phenomenon encountered in the graining by string proof boiling. 

This method of the selection of the fine grain by using the cyclone dust 
from refineries is not recommended. 

2. It was recommended to use commercial sugars such as Confectioners 
6 x Domino or 10 x Domrno from the American Sugar Refining Company, 
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or 6 X of microfine Super x JACK Frost from the National Sugar Refining 
Company. These are ground sugars obtained by grinding granulated sugars 
in hammer mills and screening the sugar through silk bolting cloth or via 
ait separation and cyclones. This product is usually manufactured with 3 to 
5% starch in it to prevent caking. But it should also be observed that as 
to grain size and particularly grain regularity, this type of sugar cannot be 
qualified as a well-standardized product. The degree of fineness depends on 
the condition of the mills and the load of mills and screens. 

Although the refineries are trying to use always the same raw material, 
being high grade granulated refined sugar that has been rejected by the 
screens as too coarse for packed standard fine granulated, it is undoubtedly a 
fact that there are always differences in the quality of this raw material 
affecting the degree of fineness of the ‘confectioners’ or ‘icing sugar’ as it is 
usually called. These disparities do not make any difference in the evaluation 
for practical purposes in cooking, ice cream and chocolate manufacture, etc., 
but they can be of a fundamental effect as to the resulting grain size when it ~ 
is used for graining purposes. 

Another point that must be observed is that when this ‘confectioners’ is 
used for graining as a ‘dry sugar’ and introduced in the supersaturated 
sugar solution used for graining, always a considerable number of extra 
nuclei is formed above the number of nuclei actually introduced via the 
seed crain. 

It has been tried to overcome these difficulties by mixing the icing sugar or 
fondant sugars with an organic solvent (ethyl alcohol, methanol, isopropyl- 
alcohol, or gasoline) which prevents first the introduction of air in the pan 
and, in the second place, when the sugar is well mixed with the solvent, the 
nuclei develop into well-formed single crystals and prevent the formation of 
conglomerates which in many cases can be observed when dry powdered 
sugar is used. | 

But even under the condition that the fine seed grain is suspended in an 
organic solvent, it can be observed that the sucrose crystals in the massecuite 
can differ in size. There is no simple relationship between the amount of 
sugar used for nucleation and the final number of crystals of a certain 
crystal size in the final boiling. 

3. It has been tried to use powdered sugars by making a slurry with a 
slightly supersaturated solution of pure refined sugar. Such a solution was 
made by dissolving a sugar to saturation at a temperature of 35° to 40° C, 
decanting the saturated solution, heating this solution to 50° C to be certain 
She No sucrose crystals were left in this solution, cooling this solution to 
30° C, being supersaturated at this temperature, introducing in this sugar 


Bibliography p. 303 


3 GRAINING OF LOW GRADE BOILINGS 281 


liquor a well known amount of fondant sugar and mixing this with a mecha- 
nical stirrer to a homogeneous slurry which is used for graining. This is 
introduced in the pan when a sufficient supersaturation has been reached of 
the concentrated footing in the vacuum pan. This method properly applied 
prevents the introduction of air causing extra nuclei formation. 

A thorough dispersion of the powdered seed sugar in the sugar liquor is 
essential to obtain satisfactory results. This has to be mixed in ina mechanical 
stirrer, f.1., a WARING blender. The amount of icing sugar to be used is 
approximately 1 kg per 1000 cu.ft. of final massecuite. 

It has been stated already, but it must be emphasized, that it is essential 
that the sugar be mixed and disintegrated homogeneously in the sugar 
liquor. 


If we have to make a comparison between the use of a slurry in an organic 





Fig. 7/18. Porcelain jar mill, 2 liter, 30-50 r.p.m. Used: 25-40 steel balls 3/,” or 80-1204” 
flint pebbles, 1 liter gasoline + 250 g high grade coarse refined granulated. Milling 
time 24 hours. Final crystal size 3-4 ww. This type of ball mill was used in Java in most 
of the sugar mills between 1934 and 1941 for preparing a slurry of seed grain dispersed 
in gasoline. This kind of ball mill can be constructed by the workshops of the sugar 
factories. It was customary to have this ball mill somewhere outside the laboratory on 
account of the infammability of the gasoline. The volume of the suspension of seed 
crystals was measured exactly in small bottles, eventually diluted with some extra gasoline, 
to be used on the pan floor. i ; es 
It is also possible to order a complete ball mill giving similar results (see Fisher Scientific 
Catalog 8-413, Minimill, motor driven Fisher ball mill). This type of ball mill is recom- 
mended strongly for all sugar factories for preparing a uniform homogeneously suspended 
slurry of powdered sugar or fondant sugar in an organic fluid. 


solvent such as gasoline or propylalcohol, or a slurry in a sugar liquor, we 
feel that the simplest method is the use of an organic solvent. The disadvan- 
tage remains that the uniformity of commercial fondant sugars as the raw 
material for nucleation is still doubtful. It is for this reason that other methods 


have been developed. 
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4. Java has been using a method by grinding refined sugar in a ball mill 
in an organic solvent. Used was for this purpose coarse granulated refined 
(as being the product of the greatest purity, low in reducing sugats) which 
was ground in a simple ball mill in the laboratory as given in Fig. 7/18. 

The experience has shown that it was possible by this method of grinding 
to obtain a product of great uniformity and of which only a small amount 
had to be used for nucleation. 

This method of graining was developed in Java not originally for low 
product boilings but for the graining of, to the contrary, high grade boilings 
for manufacturing very fine sugars called in the Far East ‘soft sugars’ with a 
crystal size smaller than 0.15 mm, average crystal size 0.10 mm. This sugar 
product is a special product made for the Chinese market. 

The last phase of the manufacturing process for this grade of consumption 
sugar consists of mixing this very fine sugar with a certain amount of concen- 
trated invert syrup which gives the sugar a sticky character and a velvet touch. 

To standardize the graining technique, the method of using finely pow- 
dered sugar suspended in an organic solvent for the nucleation was 
developed. Later on (in 1935) this method was transferred to the graining 
of low product boilings. 


(c) Lhe Use of Fondant Sugar as Primary Seed for Low Grade Boilings 


APPELBOOM, a sugar technologist in British Guyana, published in 1955 a 
method® to prepare a fondant sugar as used in the factories of Booket’s 
Sugar Estates, Ltd. The details of this method, called ‘fondant graining’, are 
discussed in the following paragraph. 
(i) Manufacture of fondant sugar for full seeding technique according to APPELBOOM 

1. 500 g of (refined) white or high grade washed raw sugar of 99.5 purity 
is dissolved in water to 60 brix. 

2. The sugar solution is carefully filtered through a very fine filter cloth, 
preferably after the addition of a small amount of kieselguhr. 

3. The filtered sugar solution is boiled in a copper or stainless steel sauce 
pan till a temperature of 116° C is reached, cotresponding with a brix of 
approximately 88*. 


* The boiling point of pure sugar solutions under atmospheric pressure at different 
brix is as follows: 


Boiling Brix 
point in °C 

115.0 86.7 

115.9 87.5 

116.8 88.2 

be bay 88.9 

118.5 89.5 
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4. An invert sugar solution is made by dissolving 1000 g high grade 
granulated refined sugar in exactly 282 ml. of distilled water. To this solution 
obtained by heating to a temperature of 85° C is added exactly 2.2 ml 
diluted HCl (made by diluting 4.3 ml concentrated HCl to 100 ml). This 
acidified sucrose solution is kept, after the addition of acid, for exactly 10 
minutes at 85° C. The temperature is raised to 105° C by heating it in a 
copper or stainless steel sauce pan and kept at this temperature for exactly 
15 minutes. This invert sugar solution is cooled to room temperature and 
can be kept for an indefinite time as one of the ingredients for making 
fondant seed sugar. 

The amount of acid present in this invert sugar solution is one part HCl 
per 25,000 parts of syrup. 

The pH of this invert sugar solution (determined at room temperature, 
after dilution 1 : 1, with a pH-meter) has to be 2.7 to 3.0. (depending on the 
purity of the used sucrose ;with purest refined sugar the pH is 2.7, witha refined 
sugar made with vegetable carbon in Cuba the pH is approximately 3.0). 

5. To the concentrated sugar solution as made sub 3 is added 140 g of the 
invert sugar syrup sub 4. The boiling is continued for exactly 1 to 2 minutes 
(under no condition longer) till a temperature of 116° C is reached. 

6. The mixture is poured immediately into a large container, a stainless steel 
pan ora large Erlenmeyer flask, and cooled as quickly as possible to 75° C 
under continuous stirring of the syrup by cooling with cold water. 

7. When a temperature of 75° C is reached, the mixture is transferred to a 
shallow dish pan suspended in a cold water-bath. The syrup is thoroughly 
mixed and agitated with a putty knife to obtain a rapid cooling and to get a 
homogeneous crystallization. When the crystallization starts, the mass 
becomes stiff and gets a fondantlike consistency. When the mass has been 
cooled to room temperature, it can be transferred to well-closed bottles and 
kept for several weeks to be used as seed grain for the afterproduct strikes. 

8. The fondant sugar is made into a slurry by mixing it in a ratio of 100 g 
of fondant sugar with 200 ml of alcohol. It is essential that this mixture be 
disintegrated homogeneously in the alcohol, preferably by stirring it in a 
ball mill as will be described later. The mixture must be stirred for at least 
one hour. 

This alcoholic sugar suspension can be kept in stock for a limited time to 
be used as seed slurry. A certain amount of recrystallization takes place and 
the smallest crystals disappear. The average crystal size of this slurry 
increases with the time of storage. 

9. The amount of seed slurry to be used is approximately 40 to 50 ml per 
100 cu. ft. of seed strike. 
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10. A seed strike is a strike that is used as a footing for the final C-masse- 
cuite. It is customary that the amount of seed strike footing used for a final 
C-massecuite is approximately 1/3 of the final massecuite volume. This means 
that the amount of seed slurry to be used per 100 cu.ft. of final C-massecuite 


is approximately 15 ml. 


(ii) Comments on the method of making seed grain according to APPELBOOM 


1. It is mentioned in the paper by AppELBOom that the preparation of a 
seed slurry, starting with the 60-brix sugar solution and invert syrup, takes 
only 30 minutes. This is optimistic. Concentrating a 60 brix sugar liquor ina 
laboratory pan to a boiling point of 116° C takes approximately 30 to 40 
minutes. The actual time required by an experienced laboratory chemist, 
requiring his personal attention all the time, takes + five quarters of an hour. 

2. The preparation of the invert syrup must be done with certain 
precautions to have no overheating of the solution to be inverted and to have 
minimum of color formation. 

The original sucrose liquor has a brix of 78. After inversion and maintain- 
ing for 15 minutes a temperature of 105° C, the brix is between 83 and 86. 
When this invert sugar solution is cooled to room temperature, it should be 
a transparent light yellow syrup; the viscosity is high; it resembles a very 
viscous honey. 

3. When as prescribed for the manufacture of fondant sugar 140 g invert 
sytup has to be used, it is possible to weigh out exactly this amount of syrup. 
But to blend it in quantitatively in highly concentrated sugar liquor is not so 
simple. There are always some losses of syrup adhering to the container in 
which the syrup has been weighed. The simplest way is to use a nickel sugar 
capsule as weighing dish. 

According to analysis, the amount of invert sugar in this invert syrup 1s 
more than 95%, reducing sugars °% brix. This means that in using 140 g of 
invert of approximately 84 brix, the amount of reducing sugars added to the 
sugar liquor equals approximately 115 g. 

4. For the manufacture of the fondant sugar, 500 g of white or high grade 
raw sugar is used. This means that the amount of reducing sugars added in 
the form of invert syrup is on the total amount of solids in the finished 
product 18.7%. 

We have been using for making fondant sugar pure refined sugar (Domt- 
NO fine granulated). This was brought toa boiling point, as prescribed, after 
the addition of the invert syrup of 116° C. The blending in of the invert syrup 
took approximately 2 minutes to have the cold invert syrup distributed 
homogeneously in the hot concentrated sugar solution. 
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When this mixture is poured into a large Erlenmeyer flask and cooled to 
75° C, it is practically impossible to transfer this cooled mass without 
considerable losses to a shallow metal bowl. The simplest way is to pour the 
solution directly after the temperature of 116° C has been reached into a wide 
stainless steel pan with a diameter of 11” to 12”, put pan plus content in cold 
water and cool the whole mixture under constant stirring to the beginning of 
crystallization. The stirring can be done with a heavy wooden ladle till the 
crystallization starts and is continued till the whole mass is solidified. 

5. The resulting crystallized mass has a soft creamy texture. Theoretically 
the invert sugar content on dry solids had to be 18.7 %. The actual reducing 
sugar content in a sample was 16.2% on fondant sugar; water content 13.7; 
reducing sugars °% solids 18.8. 

6. The pH of the invert syrup was approximately 2.8. The pH of the 
fondant sugar dissolved in water 1: 1 was approximately 4.8. At this pH and 
the used temperature, the rate of inversion is rather high. At a pH of 4.5, the 
inversion rate at 105° C is approximately 10° per hour. At 115° C, it is 
approximately 30%, or per minute 0.5°% of the sucrose present is inverted. 
The risk of inversion during the manufacture is high. A question is whether 
it is recommendable to use high grade refined sugar as raw material. 
AppELBoom in his publication does not mention refined as raw material but 
recommends the use of white sugar. This may be plantation white or a high 
grade raw sugar. 

In using a high grade raw and a polarisation over 98, we had under 
identical conditions as to the quantities of raw material to be used that the 
pH of the mixture of concentrated raw liquor and invert syrup was approxi- 
mately 6.0. The inversion rate of this mixture heated to 116° C is only a 
small fraction of what is found with pure refined sugars. The percentage of 
reducing sugars in the fondant sugars was 18.2% on solids. 

7. AppELBOOM mentions that the slurry is prepared by mixing 2 ml of 
alcohol per g of fondant. He mentions that ‘a/coho/s are suitable for preparing 
a slurry of the right consistency for seeding’. 

When we are mixing 100 g of this fondant sugar with 200 ml of technical 
isopropyl alcohol (91%), it is practically impossible by just shaking this 
mixture in a well-closed bottle to get a homogeneous distribution of the 
fondant sugar. It remains in large lumps*. Also by mixing in a mortar with 


* The fondant sugar consists of fine sucrose crystals surrounded by a sugat saturated 
invert syrup. The analysis of the sample of fondant sugar was: 13.7% water; 16.2% 
reducing sugars; real sugars % water = 118. : 
The solubility of sucrose in this invert syrup 1s at 30° C 175 sucrose per 100 parts 
of water or for the sample under consideration 24.0% sucrose in solution. 7 
The fondant sugar according to this analysis consists of 46.1% crystals and 53.9% 
4 ition: 25.4% water” 30.1% red. sugars; 45.5% sucrose. 
syrup, having a composition: 25.4% water’ 30.1'7/ . sugats; % 
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alcohol, it is not possible to get an equal distribution. We have to put a big 
question mark whether this system of preparing seed is the simplest solution 
we have available at present. 

8. Microscopic observation of the grain did show that the fondant sugar 
exists of a mixture of crystals of heterogeneous size. The regularity of the 
individual crystals is excellent. The average grain size is, however, much 
larger than can be deducted from the description in the papet by ApPELBOOM. 
The average grain size is larger than what is found in a Confectioners 10% 
of the American Sugar Refining Co. 

Further experimentation is required to be certain that APPELBOOM’s 
method is the best technique for obtaining uniform constant seed grain for 
the afterproduct boilings in canesugar mills. 


(d) Standard Technique for Making a Slurry of Seed Grain in Organic Solvents by 
Milling 


The technique for obtaining a uniform seed grain by milling granulated 
sugar in an organic solvent was developed in Java in 1934/1935 and described 
in the sugar technical literature for the first time by ALEwrJn, technologist 
of the Java Sugar Experiment Station’. 

The first technique consisted of grinding 25 ¢ of high grade coarse refined 
sugar in 90 ml aerogene. This grinding was done in ordinary widemouth 
French square sugar sample bottles by adding 5/32” diameter steel balls. 
For one filling of a sugar bottle were used 500 to 600 steel balls weighing 
140 to 150 g. Number of revolutions 75 per minute. Time of grinding 12 to 
24 hours. Final crystal size of the ground sugar 0.003 mm. 

In later experiments the system of grinding was improved by using a 
regular ball mill in porcelain and replacing the steel balls by marbles, 
porcelain or flint pebbles, or pyrex jars with a clamp top or spring cover 
clamp have been used. The rubber gasket had to be made in a special grade 
of rubber when gasoline was used as dispersing fluid. The ratio of sugar and 
solvent was increased, and later on was used 30 g of refined sugar per 100 ml 
of organic solvent. 

A large number of organic solvents have been tried out (Table 11). 
It was found that the best results were obtained with a seed suspended in an 
organic fluid with a boiling point lower than the boiling point of water. 

The introduction of this slurry in the pan resulted in a kind of explosive 
disintegration and perfect distribution of the slurry in the supersaturated 
sugar solution with no formation of conglomerates whatsoever. The same 
result is obtained by suspending the fine sugar in gasoline, but some of the 
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gasoline fractions, when they are high in aromatics as for instance from 
Borneo, can give a certain odor to the sugar which could be detected after 
very careful examination. This is not the case with American and Cuban 
gasoline being low in aromatics. But some of the gasoline as made in the 
Far East is high in toluene and xylene, which have a penetrating odor which 








TABLE 11 
Salvent Boiling Specific 
point in °C gravity 
Benzene (C,H,) 80.1 0.87 
Toluene (C,H;CH3) 110.8 0.87 
Xylene (C,H,(CH/).) (0, m or p) 138-144 0.86-0.88 
Carbon tetrachloride (CCl,) 76.7 1.58 
Methyl alcohol (wood alcohol) 64.6 0.79 
Ethyl alcohol (95 to 99.5%) 78.3 0.78 
Isopropyl alcohol 82.4 0.78 
n-Propyl-alcohol o75 0.80 
Acetone 56.1 0.79 
Aerogene or lighter fluid, being a mixture of pentane, 36.0 
hexane, 78.6 
heptane, 92-98 p-boDiip 
octane 125.6 
Gasoline, being a mixture of hexane to nonane 45-195 °C 


(110-380 °F) 
(medium boiling point 
$e Cor zoLos) 





could be detected even in extremely small traces in plantation white sugar. 

In the use of gasoline, it is recommendable always to check the volatility 
of the aromatic substances in the gasoline via a practical boiling test by 
introducing approximately 1 liter gasoline in a pan and see whether this 
gasoline can be detected by its odor in the massecuite in the crystallizers or 
in the sugar coming from the centrifugals. The best way to detect traces of 
aromatics in sugars is not by smelling, but by actual tasting and to take a 
spoonful of sugar in the mouth and see whether a faint taste, resembling the 
sense effect of kerosine, respectively a poor quality of gasoline, can be detec- 
ted. The experience is that this is not the case with U.S. gasolines. They 
can be recommended if they pass this test, without any objection, as sus- 
pending fluid for making a slurry of fine sugar to be used as seed grain. 


(ec) Systems of Grinding Sugar in Organic Fluids to be Used as Seed Grain 


Among the recommendations in the sugar literature are the use of methylated 
spirit (Queensland), pure ethyl alcohol (95 °%) (British West Indies), water- 
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free alcohol (> 99.5 %) (Java), gasoline (Java) and isopropyl alcohol (Hawaii). 

The Australian method for making seed slurry was as follows: 2 pounds 
of I A granulated refined are suspended in 2 liter of methylated spirit. 
Ground inan one gallon pyrex bottle, 200 revolutions per minute, grinding 
time 24h. As grinding material were used 24 7/8” steel balls. It was possible 
with this slurry to make 20 grainings for C-massecuites, each of 5,200 gins. 
of a purity of 60. It was customary to use 20 to 100 g of sugar slurry per 
boiling. 

The Java method was: 

(a) Sugar ground in gasoline; 140 g sugar and 250 ml of gasoline ground 
ina 500 ml pyrex bottle with 80 4” steel balls for 24 hours. This slurry was 
used in total for graining the footing for 3600 cub.ft. of C-massecuite. The 
avetage grain size of the seed slurry was 3 to 5 uy. 

(b) It is possible to get an extremely fine grain by grinding sugar sus- 
pended in gasoline in a modified blender. Used was a 250 ml widemouth 
bottle, containing 510 5/16” and 750 1/8” steel balls, total weight 370 g. As 
stirrer was used a steel shaft with a propellor of 15 mm. Number of rotations 
1000 per minute. The bottle had to be placed in a cold water-bath to remove 
the heat developed during the grinding process. Grinding time 3 hours. 
Final size of the disintegrated sugar crystals 0.5 to 3 u. Average crystal size 
othe 

The experience is that when the seed crystals are of an extreme fineness 
and the supersaturation of the sugar liquor to be ground is not high enough, 
the very fine grain is dissolved and does not act as nuclei. It has been 
found that the solubility of the finest fraction in icing sugars can be to 4% 
higher than the solubility of sucrose of normal crystal size (increase in 
refractive index 0.0022)1°. 

Used was 100 ml of this suspension (2 crystal size), made by using 25 g 
of sugar and 200 ml gasoline for 1000 hl massecuite, as a footing for C- 
boilings, or 12.5 g of seed per 100 hl of footing of an average crystal size of 
0.1 mm, which was used in a ratio 1 : 4 for making the final C-massecuite. 
We have reached in this case the limit of fineness for seed grain by simple 
milling methods in the laboratory. 

The system of disintegrating sucrose crystals by a mechanical stirrer and 
the use of steel balls as milling medium makes it possible to obtain an 
average grain size somewhere between 1 and 2 p. A part of the sucrose 
crystals has been disintegrated to a linear grain size of 0.3 to 0.5 u 

This system is, however, not recommended for the boiling technique in 
taw sugar mills. It is in the first place an objection that the amount of seed 
gtain to be used becomes too small. We have to give consideration to the 
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fact that a certain amount of liquid slurry has to be drawn in the vacuum 
pan, which always involves some losses in the pipe connections. It is 
necessaty, when a certain volume of this slurry is used, that we are certain 
that 95% of the measured volume is actually distributed homogeneously 
through the pan content. It is for this reason, with a proper dimensioning of 
intake funnel, valve and pipe connection, that the minimum amount of slurry 
to be used should be 100 to 250 ml for a footing (see Fig. 7/21). 


(£) Different Techniques of Grinding 


The first system used for grinding sugar used as seed grain in Java is 
given in Fig. 7/18. A widemouth bottle was filled with gasoline, refined 
sugar and a certain number of steel balls; this was rotated on a motor driven 
revolving wooden roller at the same time acting as carrier and support for 
the bottle. This is a simple construction made in the workshops of the sugar 
mills, requiring no special equipment. It was possible with this equipment 
to obtain a regular grain with an average grain size of 3 to 5 u. 





Fig. 7/19. Flint pebbles, diameter 4’—*/,”; 80-120 r.p. min. Type of ball mill as can be 
used for grinding granulated refined sugar to a homogeneously suspended seed slurry 
to be used for complete seeding of C-boilings. a 

This kind of ball mill can be ordered as a unit (see Fisher Scientific Catalog 8-372, Single, 


specimen ball mill, with motor). oy 

When this type of ball mill is ordered, it must be ordered with 2 extra porcelain jars, 
2 extra caskets, and with a complete set of steel balls and flint and porcelain pebbles, 
3/,”, 1/,” and 3/4,” diameter. Of each of this grinding material must be ordered 2 lbs. 


Other factories have been using a commercial type of ball mill as given in 
Fig. 7/19. “ . 

It has to be stressed at this point that the grinding technique to obtain a 
uniform seed grain is not as simple as it may seem. Consideration must be 


given to: 
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(a) The number of revolutions and the size of the bottle or jar used for 


the grinding process. 
The following approximate data as to the dimensions of jar or bottle and 


the circular outside speed of the rotating grinder have to be followed 
(Table 12). 





TABLE 12 
Volume in ml Inside diameter Chsmular Nimheroe 
a hoes soe jar or bottle speed revolutions 
o be ma : 
grinding in inches in cm ah hg cael 
600-700 4.5 11D 30-45 80-120 
1000-1500 8.8 22 40-50 60-75 


a 


When greater speeds are used, the grinding effect is reduced instead of 
increased. 

(b) The number of grinding medium (steel balls, marbles or pebbles). 

It was found that per liter of bruto volume of the grinding bottle or jar 
had to be used 15 to 25 3/4” steel balls or 30 to 50 3/4” pebbles. In the 
forming of steel balls, it is recommendable to use per bruto liter of volume 
approximately 500 g of steel balls or 400 g of pebbles or marbles. The 
filling of the jar or bottle with a mixture of sugar and organic fluid must be 
50°% of the bruto volume of the bottle. Greater amounts of grinding medium 
in the form of steel balls or pebbles is not recommended because otherwise 
the heat development may cause pressure in the bottle and the stopper or 
cover may be loosened up. 

In using organic fluids, it is recommendable to use either a stopper ground 
carefully in the mouth of the bottle or a cover tied to the opening with a 
clamp. 

It is recommended to prepare the standardized sugar slurries in the labo- 
ratory and to make a number of bottles with the exact volume in uniform 
concentration of sucrose in the laboratory to be used on the pan floor. With 
organic fluids, it is possible to prepare these seed slurries a long time before 
they have to be actually used. With the use of gasoline, isopropyl alcohol 
or absolute alcohol (> 99.5% ethyl alcohol), these slurries can be kept 
without any change in their characteristics for 3 months. 

It is recommendable to make the seed slurries for each graining operation 
not smaller than a net volume of 150 ml. If the seed is too small according 
to the amount of footing to be made for a certain final volume of C-masse- 
cuite according to the dimensions of pans, seed mixers and the final volume 
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of the seed pans this volume must be made by diluting the seed grain 
suspension with a proper amount of organic fluid. 

Question: What are the objections against the use of commercial confectio- 
nary or icing sugars as seed for the C-boilings? 

Icing sugars cannot be qualified to be uniform as to grain size. The com- 
mercial requirement as to the fineness of the sugar is that it has to pass 
through a 200 mesh sieve having an opening of 0.074 mm. 

The old practice that icing sugar had to be made by screening it through 
silk bolting sieves of 325 mesh has been eliminated in most U.S. refineries. 
The present sugar is made by grinding and air separation, and collecting and 
classifying the fine pulverized sugar in cyclones. But even in using sieve 
325 mesh, it must be realized that the sieve opening is still 44 u. Using the 
finest commercial screens, the 400 mesh bolting sieves applied for mechani- 
cal screening in the technique, we are still dealing with a screen opening of 
By U. 

Calculating with these screen openings or determining the grain size via 
microscopic measurements we have to come to the conclusion that the 
amount of powdered sugar that must be used to obtain complete seeding 
of a C-strike amounts to several pounds per strike. 

Calculated required amount of seed grain for full seeding of low grade 
boilings: Per 100 hl of final C-massecuite, the quantity of sugar in crystal- 
line form recovered is 6000 kg. For a linear crystal size of 0.30 mm, the 
number of sucrose crystals in this quantity is 220 « 10°; for size 0.35 mm, 
m0 xX 10°*. 

The number of sucrose crystals per mg is for the following linear crystal 
sizes as follows (Table 13). 





TABLE. 13 
a al i 
Linear Number of 
crystal size crystals per mg 

Coarse icing sugar 40 w (+ 325 mesh) 12,000 
Standard icing sugar 20 u + 100,000 

10 u + 800,000 
Wet milling in alcohol 
Sugar obtained by wet eg + 6-7 X 10° 
milling process 2-3 + 50 x 10 , 
Final product of wet 1-2 pv + 400-500 x 10 


milling 
6 ——————————————— nl 


* This has been calculated assuming the weight of a sucrose crystal 0.30 mm linear 
size — 0.029 mg; 0.35 mm linear size = 0.048 mg. The number of crystals per mg is 34, 


respectively 21. 
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In Table 14 we give the amount of seed sugar required in g per 100 hl 


final C-massecuite. 
TABLE 14 


Seed grain, Amount of seed in grams/1000 hl massecuite 
neaneie (350 cub. ft.; 3600 U.S. gins 
in wp for 0.30 mm C-sugar for 0.35 mm C-sugar 





40 + 16,000 + 10,000 
20 + 2,000 + 12,000 
10 + 200-250 + 150-180 
is] + 30-40 + 15-25 
2-3 + 3-6 + 2-5 
1-2 + 0.5-1 + 0.3-0.6 





It is for this reason that with the use of powdered sugar, even as it is used 
today and even when it is applied in the form of a slurry in alcohol, the 









r.p.m.=1000 * 


250 mi volume 


(25-30 g refined sugar 
and 200 mI gasoline 














cooling 








hardened steel welded to 
stirrer shaft 


Fig. 7/20. Used: 370 g steel balls 4/,,” and !/,”. Grinding time 3 hours, linear size 0.5-5 u 
(average 2); grinding time 7 hours, linear size 0.5-3 u (average 1-2). System of grinding 
to obtain in a reasonable short time an extremely fine seed slurry. 

The disadvantage of this system is that the heat development is high and the whole 
system has to be placed in a cooling bath. The finest seed slurry has been made with this 
system of grinding. It was possible to make C-strikes with complete seeding in standard 
vacuum pans (200-250 hl, or 700-900 cub. ft.) with 10 to 50 g of seed grain per strike. 


system of seeding remains a combination of true seeding and shock seeding. 

In the past, investigations have been made on this subject as to the amounts 
of nuclei that have been formed by introducing small crystals in a super- 
saturated sugar solution. The experience in Java and Australia with pow- 
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dered sugars of different origins was that the amount of final crystals in the 
finished massecuites was 10-30 fold the number of crystals introduced in 
the pan via a dry powder or in the form of an alcohol slurry. In Queensland, 
Ke.ty made a special investigation on this subject. Ketty has been using 
confectioners powdered sugars; he found that in graining low product 
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Fig. 7/21. The following processing steps in the making of third strikes in raw sugar 
mills have to be distinguished: 
1. The concentration of the raw material to be used for nucleation or seeding. This 
is preferably A-molasses with a purity of 70-75. The purity level must be adjusted by 
mixing in a certain amount of syrup of B-molasses, depending on the purities of syrup 
and molasses of the factory. 


2. The introduction of seed slurry when a required supersaturation has been reached 
to be followed by the maturing or ripening of the introduced seed to a visible crystal 
size which has to be 0.05-0.08 mm linear. 
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3. Boiling of the seed strike This is done by continuous intake of A-molasses to a 
final purity of the seed strike of approximately 65. The grain size increases during the 
boiling process to 0.12-0.18 mm linear. 

4. Cutting the seed strike. A certain amount of the seed strike is transferred to the seed 
crystallizer. Enough seed strike is left in the pan to cover the upper tube sheet; this is 
used for a footing for the final C-strike. The intake consists of B-molasses, resulting in a 
final purity of the C-strike of approximately 60. 


5. In another pan, enough seed strike from the seed crystallizer is introduced to cover 
the upper tube sheet. This footing is boiled with B-molasses to a second final C-strike. 
Depending on the ratios of the minimum volume of the pans and the final volumes, 
it will be possible to boil from one seed strike to three or four final C-strikes. 

The use of a seed crystallizer adds to the elasticity of the processing of the pan floor and 
can increase tremendously the efficiency of a pan station because time losses resulting from 
the required synchronization of the ends and beginnings of processes can be eliminated, 
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Fig. 7/22. 
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boilings (purity between 70 and 75), 17 new crystals were formed for every 
one introduced. But even with these extra nuclei formed in the very first 
beginning (the first 1 or 2 minutes after introducing of seeding to the pan), 
precautions had to be taken that no new nuclei were formed during the 
growing process, what is named ‘false grain formation’ or the ‘formation 
of secondary grain’. It was essential that the surface area of the crystals were 
maintained at a minimum figure relative to the quantity of the mother 
liquor and this related to the supersaturation. It was possible to put it in a 
quantitative form expressed by the following relationship: 


vite 195¢ Po (degree of supersaturation) 
Ww P100-— a7) pis 








where 

= area of sugar in m® per unit of mother liquor (1 liter) 

= degree of supersaturation 

= average length of linear size of crystals expressed in mm 

= true purity; purity range for which the formula is valid = 50 to 75 
At a supersaturation 1.3, the constant 2 = 30,000 


File a aes N 


It is for this reason that the present technique for seeding low grade 
boilings is still in many sugar areas in a state of confusion as to the actual 
processes taking place in the seeding of pans. 

The question came up which organic solvent has to be used. It is desirable 
that the solvent has practically no solubility for sucrose. Experiments taken 
with ethyl alcohol of different water contents of 90 to 99.5 did show that the 
stability of the colloidal sugar was reduced with an increase in the water 
content. Absolute alcohol is not a product that is generally available in 
sugar mills, and the preparation of absolute alcohol by distillation is a 


TABLE 15 


SOLUBILITY OF SUCROSE IN ETHYL ALCOHOL 
ne 








Vol. % SCHEIBLER!! PELLET!” ‘ 
alcohol O° C 14°C 40°C 07 Ge 10” Ge e20" GaN, Cae 40 
90 0.7 0.9 Dis 0.7 0.8 ils! 1.6 23 
97.4 0.1 0.4 0.5 0.08 0.15 C225 0.36 0.50 
SOLUBILITY AT 14° C 
oie % sucrose % alcohol 

oO 
90 0.95 89.15 
95 0.15 94.85 
100 0.0 100 


ee 
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technique in many cases too complicated for the laboratory practicians, 
also considering the available laboratory equipment, to give satisfactory 
results. 

In Table 15 we give the solubility of sucrose in alcohol. 

We have been trying in Java different other organic solvents, and definitely 
the choice was the use of gasoline because this is available at all sugar mills. 
The price is low. The only disadvantage is that it is inflammable. It is for 
this reason recommendable to do the grinding. process somewhere outside 
the laboratory. 

Later on it was Grtterr who recommended specifically the use of iso- 
propyl alcohol, having a low boiling point and giving a good distribution 
of the introduced slurry in the supersaturated sugar solution. It is a duty-free 
product that can be ordered by any sugar mill. The only disadvantage is that 
in a number of sugar producing areas, isopropyl alcohol is not a commonly 
available organic solvent obtainable directly from local dealers. Further- 
more, technical isopropyl alcohol is 91%. It can be obtained 95% or 
anhydrous but is has to be ordered specifically. The technical isopropyl 
alcohol has a measurable solubility for sucrose, greater than the solubility 
in 95% ethanol. 

Comparing the price with gasoline, the price is usually considerably 
higher. Price of technical isopropyl alcohol in the U.S.A. is + $ 2.—; in 
Cuba and the Dominican Republic per gallon + $ 4.—. Gasoline is $ 0.35 
to $ 0.50 per U.S. gallon. 


(g) A New System of Special Seeding of the Footing to be Used for C-strikes 


The amount of seed introduced in the form of a slurry in a footing of 
Al-molasses is extremely small when a fine pulverized sugar in an organic 
solvent is used. Assuming that the minimum volume for a footing for the 
C-strikes in the pans as installed in the factories is 100 hl (350 cu.ft.), we 
have found that it is possible that a seed slurry made by grinding a granulated 
refined sugar can be reduced to sugar quantities less than 50 g. 

As it has been stated above, extremely small quantities of a very fine seed 
slurry are not recommendable since the correct dosage becomes different. 
On the other hand, it must be realized that the commercial powdered sugars 
sold as Confectioners Multi X by the American Sugar Refining Company 
and by the National Sugar Refining Company are rather coarse and require a 
considerable quantity of seed slurry to obtain complete seeding or, if this is 
not done, we are always dealing with secondary grain formation. The quan- 
tities of sugar in the different phases of the crystallization process specifically 
for C-strikes have been summarized in Table 16. 
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The slurry of pulverized sugar has by its great fineness a great specific 
surface area (m2 per kg of sugar); but it has to be realized that directly after 
the introduction, the amount of sugar in kg able to crystallize on the 
available surface area per hl (or cub. ft.) is the first ten minutes very small. 

The rate of crystallization (mg/m?/min.) is under uniform conditions 
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Fig. 7/23. Rate of crystallization of A-molasses under standard conditions in canesugar 
mills. Temperature 74~-78° C, concentration 85-87 brix, vacuum 4-5” abs. 


of temperature, supersaturation and purity proportional to the time of 
crystallization. According to determinations made, the rate of crystallization 
is independent of the crystal size. It is common to express the rate of crystalli- 
zation as the amount of sucrose in mg going from the solution into crystal- 
line form per m? of crystal surface area per unit of time. Usually for the unit 
of time to express crystallization rate, the minute is taken. 

In Fig. 7/23 we have given the rate of crystallization for A-molasses in 
canesugar mills as determined as an average in a number of Java mills. 
It has to be mentioned in this connection that the rate of crystallization for 
the same purity of the molasses can show considerable differences from 
factory to factory. Specifically the reboiling of the molasses in the A-boilings 
(or circulation of nonsugars in the boiling process) can affect the rate of 
crystallization tremendously. 

It is also possible to express the rate of crystallization or the increase in 
linear crystal size per unit of time. A crystallization rate of 1600 mg per m? 
per minute corresponds with an increase in the linear crystal size of 1 u 
per minute. We can calculate in this way the increase of the amount of sugar 
in crystalline state per minute, the increase in the surface area per minute 
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and we are also able to calculate, when we are familiar with the quality of 
the molasses we are dealing with in our factories as to its crystallization 
characteristics, the time that is required to make footing. 

In Table 17, we give an example of such a calculation. 


LADLE 17 
SUPERSATURATION OF MOLASSES 1.30-1.35; puRITyY 72; RATE OF CRYSTALLIZATION 1500 
MG/M?/MINUTE; SEEDING WITH PULVERIZED SUGAR IN ORGANIC SOLVENT 


Used 1 g Weight of 














Time after seed grain/hl, Surface cryst. Surface 
seeding average area sucrose ae 
in minutes crystal in m?/kg per hl Des hl 
size in wu in g hh 

0 3 1400 1.0 1.4 
5 8 500 20 10 
10 13 320 80 26 
15 18 230 210 48 
20 23 180 460 83 
25 28 145 800 116 
30 33 124 1200 149 
35 38 100 1900 200 
40 43 94 2600 244 
45 48 85 3600 313 
50 yl fie. 4900 390 





The time required for ripening or maturing introduced seed nuclei to a 
sufficient grain size and also to a sufficient concentration of sugar crystals per 
unit of volume massecuite (or footing) before the pan boiler can start with 
the intake of A-molasses for the second step in the boiling process, namely 
filling up the pan, can be considerable under certain circumstances. All de- 
pends on the rate of crystallization of the material used for the footing. 

In the literature, it is mentioned frequently that the purity for the footing 
recommended is even 65. Our personal experience is that a too low purity 
increases tremendously the time required for making the footing for the 
seed strike; preferred is a purity around 72 to 74. This footing guarantees 
that there is no risk for the formation of clusters or conglomerates; there is a 
satisfactory growth rate of the nuclei and usually it is found with a normal 
quality of molasses that the formation of a satisfactory grain size in the 
footing can be done in 30 to 40 minutes from the moment of the introduction 
of seed slurry. 

The initial size of the grain in the seed slurry is extremely important as to 
the quantity of sucrose to be introduced and also as to the time required 
for the making of the footing. . 

Using a powdered confectionary sugar with an average grain size of 
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15 u (which is a small average grain for confectionary sugar), we are usually 
saving at least 10 to 15 minutes compared to the graining with seed slurry 
made by wet milling. But, on the other hand, it has to be realized that the 
amount of powdered sugar to be used must be 100 to 200 times the amount 
of sugar to be used as milled sugar in an organic solvent. The effect of the 
initial grain size and also as to the amount commonly used is illustrated 


in Table 18. 
TABLE 18 


Graded with pulverized sugar 
ground in organic solvent 





Seeding with icing sugars 











average linear amount of average linear amount of 
crystal sugar per hl crystal sugar per hl 
size in up of footing size in u ot footing 
3 11> 2 5 10S 
ke) Sag 30 80 ¢g 
10 he BE 50 350 g 
We) 1.5 kg 100 2.8 kg 
50 5 kg 150 10 kg 
100 35° ke 200 18 kg 
250 40 kg 


(h) When must the Seed Slurry be Introduced in the Pan? 


In Figs. 7/24-7/26 we have reproduced recorded conductivities of a Cuban 
raw sugar factory. In Fig. 7/24, the time from the moment that the seed 
slurry was introduced till the beginning of the continuous feeding of the 
footing with A-molasses was in this case only 14 minutes. The introduced 
seed had grown to a size giving a milky appearance to the footing, but 
individual crystals with well-developed form could not yet be observed. 

In this case, the time of maturing is too short and also a defect is that the 
intake of water during the ripening period was too great, causing a decrease 
in the degree of supersaturation, respectively a reduction in the rate of 
crystallization. This kind of boiling has an extremely great chance of forming 
a secondary grain in the second phase of the boiling process. 

In Fig. 7/25, a second example is given of graining in A-molasses. The 
introduction of movement water was restricted during the first 5 minutes 
after the introduction of the seed slurry (A-B). After that, the amount of 
movement water was increased but too liberal. Also in this case, the time 
for the ripening of the introduced seed, being only 18 minutes, is extremely 
short. The crystal concentration when the second phase of the boiling 


process, being the intake of A-molasses to fill up the pan, started was still 
very low. 
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In Fig. 7/26, we give an example of recorded conductivities for a proper 
way of graining of a footing of A-molasses. The concentration of the 
A-molasses after introduction of seed slurry is by a well-adjusted introduc- 
tion of movement water kept for 20 minutes at a constant value. At that 
moment, the introduction of a small amount of A-molasses was started, 
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Fig. 7/24. Recorded conductivities in making the footing of a seed strike on A-molasses. 
Seed slurry introduced at A, movement water admitted at the same time. End of ripening 
of introduced seed at B. 

Introduction of movement water in pan stopped and started with feeding of A-molasses. 
Fig. 7/25. Recorded conductivities in making the footing of a seed strike on A-molasses. 
Seed slurry introduced at A. Seed slurry consisted of Domino icing sugar suspended in 
alcohol. 

The amount of movement water charged in the pan was too restricted. Supersaturation 

increased during the first phase of ripening. Movement water increased at B. 


continuing the intake of movement water. The whole period for the 
graining was in this case 25 minutes. The seed slurry used was confectioners 
icing sugar in alcohol (Domino), approximately 2 kg for a footing of 500 
cu.ft. (15 g per hl). 

It is difficult to make a definite statement as to the average cfystal size of 
this Domino icing sugar but according to samples of which the crystal size 
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has been estimated microscopically, this has been approximately 15-25 4. 

The crystal size at the end of the ripening period (see in Fig. 7/26) was 
approximately 0.06-0.09 mm. This would mean that the amount of crystalli- 
zed sucrose at the end of the grain petiod would be approximately 3 kg of 
sucrose crystals per hl. of footing. This is still an extremely small crystal 
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Fig. 7/26. Recorded conductivities in making a seed strike on A-molasses. 

Seed slurry introduced at A, at the same time admitted movement water. Amount of 

movement water is in balance with evaporation rate. Ripening of seed grain takes place 

at constant supersaturation. At B intake valve opened for A-molasses, at C valve for 
water closed. 


content. It is recommendable to prolong the graining period with another 
10 minutes till the crystal content of the footing increased to approximately 
20% (20 kg of crystallized sucrose per hl) to be certain that there is only an 
extremely limited risk of false grain formation in the following phase of the 
boiling process. 

In investigations on the technology of boiling, it is essential that special 
attention is given to the following points: 

1. The method of making a uniform slurry of seed crystals to be used as 
starting material of the crystallization process in A-molasses. 
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2. A careful study of the recommended purity level of the 4-molasses to 
have the shortest possible time for the ripening of the introduced seed with 
the prevention of the formation of conglomerates. 

3. The time required for the ripening of introduced seed maintaining a 
good circulation in the pan by the introduction of movement water, and 
eventually reducing the vacuum on the pan with a corresponding increase of 
the temperature of the crystallizing molasses which will speed up the crystal- 
lization and shorten the time of ripening. 

4. The exact determination of the end point of the growth of the seed 
grain in the footing, being certain that a sufficient amount of crystallized 
sucrose is present so that there is practically no risk for secondary grain 
formation in the second phase of the crystallization process. 
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CHAPTER 8 


DETERMINATION OF HEAT TRANSMISSION AS AN 

INDIRECT METHOD FOR THE DETERMINATION 

OF THE VISCOSITY AND SUPERSATURATION OF 
TECHNICAL SUGAR SOLUTIONS 


R. C. L. BoswortH 
Associate Professor of Physical Chemistry, N.S.W. University of Technology, 
formerly of the Research Department, The Colonial Sugar Refining Company Lid., 
Sydney, IN.S.W. (Australia) 


1. Introduction 


The object of pan boiling is the production of a fine even crop of sugar 
crystals. A primary condition for the attainment of this end is the mainte- 
nance of a control over the rate of crystallization during growth. Basically 
a crystal surface maintained in a solution will only grow if the concentration 
of the solution is maintained at a level greater than the saturation concen- 
tration. Such a solution is said to be supersaturated. 

A crystal surface in a supersaturated solution grows at constant rate 
provided the degree of supersaturation remains constant. Early studies of 
the kinetics of crystal growth showed that this rate was proportional to 
the degree of supersaturation (defined in Chapter 4)!. McCaser? further 
found that the volumetric rate of growth was proportional to the crystal 
area. A crystallite maintained in a supersaturated solution initially adds in 
unit time a relatively small amount of sugar to itself but as the area increases 
so does the rate of growth. 

Control of the rate of growth thus demands control of the degree of 
supersaturation. In some ways control of supersaturation is a relatively 
straight-forward process. Any increase in the rate of evaporation relative 
to the rate of crystallization will result in water being removed from the 
solution faster than sugar and thus produce an increase in the degree of 
supersaturation. Any addition of a saturated or undersaturated solution 
or even of water itself will lower the degree of supersaturation. Accordingly 
if we have some indication of the level of supersaturation reached at any 
stage in the boiling operation as well as an indication of the optimum level 
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for efficient performance, our course of action will be quite clear. Control 
of crystallization rate depends only on the measurement, direct or indirect, 
of the level of supersaturation. 

While the level of supersaturation increases regularly with the concen- 
tration, direct measurement of concentration cannot be substituted for 
measurement of the degree of supersaturation for the reason that the satu- 
ration concentration varies regularly with the temperature and the degree 
of purity of the liquor. Fortunately the property of viscosity has been shown 
to be fairly closely connected with the measure of the degree of supersatu- 
ration; so that viscosity measurements, or measurement of physical proper- 
ties closely allied to viscosity — such as heat transmission and electrical 
conductivity, can be used as indirect indicators for the degree of super- 
saturation. 


2. Relation between Viscosity and Supersaturation 


The viscosity of a sugar solution at any fixed concentration decreases 
rapidly with increasing temperature. The viscosity of a solution at fixed 
temperature increases rapidly with increase in concentration, particularly 
in the higher ranges of concentration. Finally at any fixed concentration 
the degree of supersaturation falls with rising temperature due to the 
increase in solubility with increase in temperature. As a net result if we take 
a solution at a fixed level of supersaturation and alter the temperature we 
get two opposing effects. Suppose the temperature is raised. The viscosity 
tends to fall on account of higher temperatures but at the same time tends 
to increase on account of the higher concentration required to maintain 
the same level of supersaturation at the higher temperature. As a net result 
the viscosity tends to change relatively little with temperature at a fixed 
level of supersaturation. MrcHett and De Gyutay® have published a series 
of curves for viscosity vs. temperature at a series of fixed levels of super- 
saturation. Some data obtained by these authorities are presented in Fig. 8/1. 
The curves shown are curves of viscosity vs. temperature. The full lines 
refer to conditions of constant concentrations and the broken lines to 
conditions of constant supersaturation. The first graph, which refers to data 
obtained from pure sucrose solutions, shows that the viscosity at constant 
supersaturation decreases somewhat with temperature but tends to become 
steady from temperature between 60° and 80° C. The other graphs which 
refer to mill materials of different purities show the viscosity — temperature 
curves attaining minimum values within the working range of temperature. 

These curves mean, physically, that a measurement of the viscosity, ot 
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Fig. 8/1c. Relation between viscosity Fig. 8/1d. Relation between viscosity and 
and supersaturation. Graph 3. supersaturation. Graph 4. — 


3 MEASUREMENT OF HEAT TRANSMISSION 307 


of any other property directly related to the viscosity, can be taken as a 
measure of the degree of supersaturation at any temperature within the 
tange for which the curves are sensibly parallel to the temperature axis. 

One of the most convenient indirect measures of viscosity is the electrical 
conductivity. The factor which determines the electrical conductivity of a 
liquid containing a given number of electrically charged ions is the speed with 
which these ions can move under the influence of the electrical force. This 
speed, in turn, is controlled by the frictional forces due to the viscosity 
of the liquid and thus, through the relationship of MrcHEeL1 and De Gyutay*, 
by the degree of supersaturation. The technical exploitation of this relation- 
ship has been treated in Chapter 7. For the purposes of the present chapter, 
it is necessary only to point out that control by electrical conductivity 
is related to control by other indirect methods allied to viscosity and in 
particular to those methods which are dependent on measurements of heat 
transmission. 


3. The Measurement of Heat Transmission 


The overall heat transfer coefficient between a standard solid surface and 
the massecuite under test is a property which is relatively easily measured 
and is largely dominated by the viscosity of the massecuite and thus, in 
view of what has been said above, by the degree of supersaturation. 

Before however we explore the relation between the degree of super- 
saturation and the heat transfer coefficient, some consideration must first 
be given to the practical measurement of, at least, the relative heat transfer 
coefficient under different operating conditions. 

The heat transfer coefficient (4) is, it will be remembered, measured by 
the quantity of heat crossing unit area in unit time under an overall unit 
temperature difference, or 


ied 
A® dt 
where 
dg = rate of flow of heat 
dt 
A = the area 
® = temperature difference. 


In instruments to measure or record h, heat is supplied to (or removed 
from) solid bodies of fixed dimensions and the temperature difference 
between the solid and fluid noted for a fixed rate of heat input. Alternatively 


* The name of the second author has subsequently been changed by deed-poll to Dutoy. 
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the heat input (positive or negative) could be adjusted to give a predeter- 
mined temperature difference. In either instance the heat transfer coefficient 
may be taken as proportional to the ratio: 


rate of heat input 





‘temperature difference between solid and fluid 
In the transmission boiling recorder, described for example by TRomp* a 
suitably located small copper vessel is heated by steam to a constant tem- 
perature and the rate of heat flow through the surface is proportional to 
rate at which steam condenses in the vessel. The condensate is drawn off 
through a trap and measured. The volume collected in unit time, corrected 


5, vinwenien mesial bsbannetae titi 





Fig. 8/2. Electrical instruments for measuring comparative heat transfer coefficients. 


if necessary for any large change in the temperature of the massecuite 
is directly proportional to the heat transfer coefficient. | 

In a modification of this instrument described by Drrmar JANssE® the 
measuring vessel is cooled by a stream of cold water which enters at a con- 
stant temperature and at a constant flow rate. The heat flow, this time 
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from the liquid to the solid body, causes a rise in the temperature of the 
water circulating through the solid, and, since the flow rate of water is 
maintained constant, is directly proportional to that temperature rise. 

A series of electrical instruments for measuring comparative heat transfer 
coefficients have been described by Boswortu and Dutoy®. Two types of 
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Fig. 8/3. Hotplate flowmeter. 


these instruments are illustrated in Fig. 8/2, and a third in Fig. 8/3. The 
prototype is shown on the right hand side of Fig. 8/2. 

The instrument is mounted on a formica plug which can be screwed 
into a 1” O.D. pipe for insertion in a vacuum pan. Four electrical leads pass 
through the formica plug. One pait carried electrical current for heating 
the short length (about 2 cm) of 23 S.W.G. nichrome V wire. Silver- 
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soldered (with a minimum amount of solder) at the centre of this wire is 
a small coppet-constantan thermocouple of 32 S.W.G. wire. The first 
junction of this couple takes up the temperature of the electrically heated 
wire while the second junction, some 5 mm away and shown clearly in the 
photograph as a bead, takes up the temperature of fluid (or massecuite) 
in the vicinity of the wire. With the nichrome wire heated to any desired 
temperature by the passage of an electric current the thermocouple will 
give a reading proportional to 0, the temperature difference from solid to 
liquid. 

The instrument shown on the left hand side of Fig. 8/2 (with exploded 
view in the centre) is an indirectly heated modification. The electrical 
heater is the small nichrome coil wound on a double-bored ceramic bead 
and shown in the central figure. This is normally pushed to the end of the 
hollow monel capsule, and electrically, but not thermally, insulated from 
it by the sheet of mica shown unrolled in the central figure. The hot junction 
is internally welded to the head of the capsule and the cold junction exter- 
nally welded to its base as shown. The thermoelectric combination used is 
monel-copper which is not very different in its thermoelectric power from 
constantan-copper. 

Fig. 8/3 gives in view and in detail, a more compact form of the indirectly 
heated instrument. In both forms the hot junction from which effectively 
the heat transfer coefficient is measured, is placed on the inside of the 
heated surface. This construction was adopted when it was found that any 
irregularity on the surface tended to catch fibres, bag-hairs etc. and so 
build up a mass of rather indefinite thermal properties. 


4. Theory of the Electrical Instrument 


Since the hot wire, or coil of the heater, is made of an alloy resistance wire, 
its resistance, to a first approximation, does not change with the temperature. 
Let & represent this resistance. When a current J flows through the heater 
the power dissipated, or heat generated per unit time, i.e. the d O/d¢t of equa- 
tion (1) is 
I?R watts 
For any fixed instrument R may be taken as fixed. The heat generated per 
unit time and ultimately dissipated into the fluid sutrounding the heated 
body is thus proportional to 
[2 
Again the galvanometer deflection (G) is directly proportional to the tem- 
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perature difference §. Consequently the required heat transfer coefficient 
is proportional to 
2/G 


Measurement of the heat transfer coefficient for a fluid of unknown 
properties may therefore be obtained with any instrument of the types 
described above by comparing the values of /2/G with the values obtained 
in some standard liquid. 

The ancillary equipment required for these measurements is particularly 
simple and consists in 

(1) a step down transformer giving about 32 volts A.C. output; 

(2) aseries of barretter tubes with associated switching in order to control 
the current, if necessary over long periods, at a series of fixed values; 

(3) an A.C. ammeter (0-12 A scale) for measuring the heating current; 

(4) a sensitive galvanometer for measuring the small e.m.f.’s produced 
by the thermocouple. 

A.C. current rather than D.C. current was found necessary for heating 
the hot wire instrument as otherwise any dissymmetry in the weld joining 
the thermocouple to the hot wire resulted in adding a spurious D.C. e.m.f. 
to the thermocouple circuit which changed sign when the heating current 
was reversed. In the indirectly heated instrument where the thermocouple 
circuit is electrically insulated from the heater circuit either A.C. or D.C. 
could be used for heating. 

On account of their greater thermal capacity the indirectly heated type 
takes much longer to settle down to thermal equilibrium after either 
changing the heating current or the nature of the fluid in which the in- 
strument is immersed. The directly heated wire on Fig. 8/2 attained thermal 
equilibrium is less than 20 seconds. The indirectly heated capsule took up 
to 10 minutes. For measurement in pan control the long delay period is a 
distinct advantage as it smoothed out random fluctuations due to the passage 
of bubbles over the measuring instrument. 


5. Heat Transmission under Static Conditions 


When a solid body in a quiescent fluid is subjected to heating or cooling ; 
then so long as the former is not so intense as to cause boiling, or the 
latter so intense as to cause freezing, the rate of heat transfer may be ob- 
tained from the simple expression for natural convection. For long cylin- 
drical bodies held horizontally in a fluid with as low a convective modulus 
as a massecuite this expression takes the form 
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(2) 
Ee = 0.49 (ad30)'!s 


where 

= convective modulus of the fluid 
= its thermal conductivity 
diameter of the solid body 

= temperature difference. 


DARA 
I 


The quantity a in turn may be expressed in terms of better known properties 


_ %p.9?28 (3) 
a= nk 





where 
Cp = specific heat at constant pressure 
= density 
= coefficient of cubic expansion 
= viscosity 
= acceleration due to gravity. 


RMS DD 


On substituting equation (3) in (2) we get 
h= 0.49(d-"/ Rls o/s Cp! gis Bile nls) Q*/4 


and this is the factor which will be proportional to the /2/G in the electrical 
instrument discussed in the sections above. 

It will be noted first of all that / increases slowly with 6 so that measure- 
ment of heat transmission in quiescent fluid should strictly only be taken at 
comparable values of 0. 

Apart from its dependence on 0 and d the heat transfer coefficient also 
varies with the properties &, 9, cp, 8, and 1 each of which is influenced by the 
degree of supersaturation and, possibly independently, by the temperature 
and the purity. It is possible, however, to simplify the problem by taking 
into account known relationships between these properties. 

For example the coefficient of cubic expansion (8) may be expressed as 


: : : : 
The qr the change in density with change in temperature at constant 


composition may, for sucrose solutions, be read off from tables of tempera- 
ture correction to brix reading and is, for temperatures and densities in 


which we are interested, practically independent of the concentration and 
thus independent of the degree of supersaturation, 
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By elimination of the constant factors from equation (4) we then get 
ha (Als ols cpl nos) Q'/6 


The thermometric conductivity, or thermal diffusivity (A/cepo) has been 
shown to be a property which has practically the same value for all liquids 
(BosworTu’) and is not therefore expected to vary with the brix of a sugar 
solution. We are thus left with the variation for 4 


ha k'n'ls 


The thermal conductivity & changes relatively little with the composition 
although there is some evidence that & passes a minimal value at the satu- 
ration concentration. The dominating factor in determining the heat transfer 
coeflicient under these conditions is however the viscosity 7. Control of 
supersaturation by means of a measurement of / is thus in effect a control 
on a viscosity measurement. Further, since 4 is proportional to the inverse 
fourth root of the viscosity, control in terms of static heat transfer is a 
relatively insensitive one compared with say control in terms of electrical 
conductivity which, roughly, is inversely proportional to the viscosity and 
not to its fourth root. 


6. Heat Transmission under Dynamic Conditions 


When the heat transmission recorder or other equivalent instrument is 
used as an effective control of the degree of supersaturation it is not placed 
in stagnant pockets of liquid but more commonly in the open circulating 
fluid. For such systems the appropriate expressions are those for heat 
transmission under the influence of forced and not of natural convection. 
For a liquid flowing with velocity v past a heated cylindrical body the 
expression usually given for the heat transfer coefficient becomes: 


\0.3 if 0,52 
cer (* | = 0.35 + 0.47 ad (5) 
k fp) . Nn 


See also McApams’. 
When the degree of supersaturation and thus the brix is changed, both 


C 
the viscosity 7 and the Prandtl number ea are changed. For a given 


/ 


increase in brix the relative increase in the viscosity and in the Prandtl 
number are practically equivalent since &/¢p changes only slightly with the 
composition. An approximate expression for the change in the heat transfer 
coefficient then reads 

A= An? + By? -52 [779.22 (6) 


Bibliography p. 317 


314 DETERMINATION OF HEAT TRANSMISSION CH. 8 


where A and B are constants for any particular type of hot body and masse- 
cuite. 

The first term in equation (6) thus increases with increasing concentration 
while the second term decreases with increasing concentration but increases 
with increasing velocity. As a nett result therefore the change in / produced 
by decreasing concentration is not a particularly sensitive 
or accurate measure of the change in viscosity and thus 
change in supersaturation. The measurement of h is, on the 
other hand, quite a sensitive measure of the change in the 
velocity of flow(v) of the fluid past the measuring device. The 
heat transmission recorded on the hot wire or the hot 
capsule device used under dynamic conditions is neither a 
sensitive nor a reliable measure of the degree of supersaturation 
ot of any related property except in as much as the cir- 
culating velocity v can be made dependent on the prop- 
erty to be measured and controlled. Indeed as will be 
shown in succeeding sections this is precisely the way 
in which instruments of this nature are employed. For 
the moment, however, we will divert to consider the 
relation between heat transmission, viscosity and the 
velocity of circulation. 


7. Relation between Viscosity and Velocity 
of Circulation 





This subject has been studied in the laboratory by 
means of equipment outlined in Fig. 8/4. The lower ; 

element A consists in a hot wire thermocouple device of Peete for 
the same type as that shown in Fig. 8/2. Thiswasimmersed Studying speed 
in a thermostatically controlled 11/,” diameter test tube “ocuienal 
of the liquid under test. At various distances from 5 mm 

to 5 cm above A and parallel to it was placed a simple thermocouple 
element B. 

An experiment was commenced by Switching on a predetermined heating 
current to the hot wire of element A. The e.m.f. of the thermocouple 
attached to A immediately began to rise and passed a peak value usually 
in less than a minute. The reading of the thermocouple B, however, re- 
mained zero for a time often of several minutes and then eowimenee to 
rise and again passed a maximum as the hot stream generated by the 
heating of A reached the point B. The various curves shown in Fig. 8/5 
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show the variation in the delay to the response of thermocouple B with 
different qualities of material and temperatures of heating the wire A. 

The time lapse between the attainment of the peak in the e.m.f. from 
thermocouple A and that from thermocouple B is a measure of the time 
taken for the convection current to travel from A to B and thus of the 
velocity of the convection current. 
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Fig. 8/5. Relation between viscosity and velocity of circulation. 
Fig. 8/6. Relation between viscosity and velocity of circulation in higher density material. 


The velocity of the convection current was measured with this apparatus 
at a series of different rates of heat input to the wire A and in syrups of 
different concentrations and purities. The most important factors controlling 
the velocity of circulation proved to be the temperature 0 to which the wire 
A was heated in excess of that of its surroundings and the viscosity () 
of those surroundings. A long series of experiments gave as a net result 


VO 67° 15 


"Since the primary heat flow from the wire A to the surroundings is roughly 
proportional to 0+ we may conclude that the intensity of the convection 
current increases more than proportionally to the intensity of the heat 
transmission (being roughly proportional to h) and decreases not quite 
proportionally to the inverse of the viscosity. 

We conclude therefore that if fixed surfaces supplying heat to the masse- 
cuite are in existence then the intensity of the convection currents set up 
under standardised conditions is an inverse measure of the viscosity of the 
massecuite and thus, indirectly, of its degree of supersaturation. 
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8. The Heat Transmission Recorder 


This instrument which has already been mentioned in the sections above 
consists of a copper vessel which is placed in the well of the pan well below 
the graining level and is connected by copper tubes to the pan wall and to the 
pan bottom. Steam is supplied through a needle valve. When the heat 
transfer coefficient at the surface of the copper vessel is high, rapid con- 
densation occurs in the vessel and the steam cannot escape through the 
needle valve sufficiently rapidly to maintain the pressure. This pressure 
therefore drops and the steam condenses at a lower temperature. A thermom- 
eter placed in the condensate and connected to a recorder gives a record 
of this temperature. The recorder simultaneously maintains a record of the 
vacuum at the top of the pan. This pressure is, of course, an indirect measure 
of the temperature of the massecuite around the copper vessel while the 
temperature of the condensate is an indirect measure of the rate of conden- 
sation and thus of the rate of heat flow to the massecuite from the steam 
at condensate temperature. From the two records the heat transfer coeff- 
cient may thus be derived. 

In concordance with the relations which have already been discussed, the 
heat transfer coefficient, although to some extent influenced by the viscosity 
of the massecuite in which the control vessel is situated, is much more 
strongly influenced by the rate of flow over the vessel. 

Again the rate of flow of the massecuite over the heating coils is strongly 
influenced by the viscosity of the massecuite at these coils. Consequently 
we find that the reading of the heat transmission recorder is predominantly 
influenced by the viscosity of the massecuite at the heating coils (and so 
by its supersaturation) provided the velocity of flow over the controller is either 
the same as, or else directly proportional to, the flow rate over the coils. For this 
reason the position of the controller in the pan is important. DirmMar 
JANssE® has discussed this matter. According to him the vessel to which 
the heat transfer coefficient is measured should be oriented vertically and 
placed in the centre of the downtake, well away from the walls or any feed 
pipes which might locally disturb the circulation pattern. The vessel should 
neither be placed in the lowest part of the downtake which in certain pans 
and under certain conditions is avoided by the circulation current. 

| Various extraneous factors which can influence the heat transfer coeffi- 
cients and thus adversely affect the accuracy of estimates of the degree of 
supersaturation drawn from reading of the heat transmission have also 
been discussed by Ditmar Janssx®. He lists the following: 

(a) A high calcium content can produce abnormally high viscosity in the 
mother liquor of range 76-80° B. This lowers the heat transfer coefficient. 
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(b) The return of a larger proportion of nonsugar with poorly purged 
C-sugar can have the same effect as an abnormal calcium content. 

(c) Improper attention to cleanliness in the effects can produce viscous 
polysaccharide material through bacteriological contamination. 

(d) Unsuitable operating conditions as well as poor construction and 
high supersaturation can give abnormally low circulation rate in the pan 
and thus a low reading of the heat transmission recorder. 

In a subsequent article, Dirmar JANnssE® also refers to the necessity for 
cleanliness within the vessel of the heat transmission recorder itself. In 
the low temperature instrument — supplied with cold water and not steam — 
it is desirable to filter the water to avoid the build up of thermally resistant 
films on the inside of the vessel. 

GONZALEZ Matz}° has reported on experience with the Drrmar JANSSE 
pan control apparatus. He claimed that the control graph of this instrument 
registered every variation, no matter how small, in the factors influencing the 
state of concentration within the pan, and concluded that this instrument 
was ‘the most perfect of all’ so far proposed for the control of pan operation. 

SOESMAN!! has compared the performance of a number of pan control 
instruments, among them the heat transmission recorder. He pointed out in 
particular that this method is theoretically not preferable to the conductivity 
method (the relation between supersaturation and heat transmission is less 
direct than the relation between electrolyte conductivity and supersaturation.) 
He further claimed that either technique provides a method of control which 
is independent of variation in pressure but noted that the effect of purity chan- 
ges on the relation between the control property and the degree of supersat- 
uration required close investigation. This statement still holds true to-day. 
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CHAPTER 9 


TECHNOLOGY OF SUGAR CRYSTALLIZATION 


W. F. ALEWIJN and PIETER HONIG 
Former technologist of the Java Sugar Technical Director, West Indies Sugar 
Experiment Station (Indonesia) Corporation, New York (U.S.A.) 


1. Introduction 


The manufacture of sugar for human consumption has been characterized 
from time immemorial by the transformation of the collected juice of sugar- 
bearing plants, after some kind of purification of the juice, to a concentrated 
solid or semi solid product that could be packed, kept in containers and 
which had a high degree of keepability. 

The main characteristic in the history of the technology of sugar manu- 
facture is that a raw material high in sugar being extremely susceptible to 
fermentation and decomposition is transformed via a concentration process 
to a preservable end-product which has maintained the main quality of the 
valuable ingredient, the sugar, its sweetness. 

The history of the development of sugar manufacture has been described 
in an excellent way in two handbooks which should be a part of the personal 
library of every sugar technologist: von LippMANN’s Geschichte des Zuckers 
(Julius Springer, Berlin, 1929) and Nort Degrr’s The History of Sugar 
(Chapman and Hall, London, 1949), 

The great developments in sugar manufacture come through the intro- 
duction of labor and time saving equipment in the processing technique; 
namely, the centrifugal and the vacuum pan. Today, in the world production 
of sugar, a distinction is made between centrifugal sugars and non-centti- 
fugal sugars. The non-centrifugal sugars are still made as it has been done 
for hundred of years, by simply concentrating the purified juice in open 
pans to a solidified end-product. 

Of the total world production of sugar (43 million metric tons) all the 
beetsugar (15 million tons) that is made today is centrifugal sugar. There 
have been some endeavors to manufacture from sugarbeets a sugar product 
containing all the nonsugars in the purified juices. This product was known 


Bibliography p. 370 


1 INTRODUCTION 319 


under the French name of ‘sucre complet’. Today this endeavor is only of 
historical interest. 

Of the total canesugar production of approximately 28-30 million metric 
tons per year, still a 7 to 8 million tons are made as a sugar product without 
the use of centrifugals to separate a large part of the nonsugars or impu- 
tities in the form of molasses. These sugars are known as gur in India, 
panella in Latin American countries, and under different other names varying 
from country to country but all characterized by the same principles of 
manufacture. 

The art of sugar boiling to manufacture this kind of primitive sugars 
can, of course, be qualified as technology but it is not technology in the 
modern meaning of this word. The sugar boiler has a certain skill knowing 
how he must heat and evaporate the juices, which type of pan gives the 
best product as to consistency and color, and how he must determine the 
end-point in this concentration process. This all is more an art but we are 
justified in saying that modern or scientific principles are applied or involved. 

This type of sugar making is open for scientific investigations thereby 
enabling us to study the causes of variations in the quality of the end- 
product, whereby the meaning of the word quality is determined by the 
taste, customs and tradition of the consumers. It has for instance been found 
that to make a hard gur it is necessary that the purity of the juices to be 
concentrated does not surpass a certain percentage of reducing sugars. 
Otherwise the end-product is soft and wet, and not of an appearance that 
it is favored by the customers. 

The color of the sugar is affected by the system of boiling, the construc- 
tion material of the pans, the quality of the cane, and a number of other 
factors partly unknown. Considerable variations in the quality and in the 
evaluation of the end-product occur at all places where sugar is manufac- 
tured. 

We are not going to consider this type of sugar making in particular. 
Our interest is in the development of the modern sugar production as 
centrifugal sugars. 

The end-product that reaches the consumer is for beetsugar always white 
sugar. This is made either directly from beet juices after raw juice has been 
purified by the carbonation process with a partly recrystallization of some 
of the products in the beetsugar factory, or it is made as a raw sugar prac- 
tically never consumed directly, but sent to the refinery where this raw 
sugar is transformed into a white sugar product of a high purity. This 
sugar is usually called refined sugar. There is not always made a distinction 
in the sugar trade between a refined sugar and a white sugar made directly 
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by beet factories. In many cases there is neither from a chemical or physical 
point of view a justification for making this distinction. The chemical com- 
position of these two types of sugar is practically identical and in their 
physical appearance they are in many cases indistinguishable. 

With canesugar a difference is always made between plantation white 
sugat made directly from the cane juices, after the juices have been puri- 
fied in a special way (sulfitation, carbonation, middle juice carbonation), 
and refined canesugat. The chemical composition of these two types of 
sugar is in broad lines noticeable. A plantation white sugar is crystallized 
from boilings with a purity between 80 and 90. The resulting sugar has a 
certain amount of nonsugar impurities (reducing sugars and ash) usually 
higher than found in similar products as made by refineries. 

The differences in the sugars as made by canesugar factories are primarily 
a distinction in products resulting from: 

(a) raw sugar factories, 

(b) plantation or direct white sugar factories, 

(c) raw sugar mills combined with a refinery as one operating unit. 

The system of crystallization in raw sugar factories and plantation white 
sugar factories is identical. Differences, as far as they exist, refer to the 
average grain size of the manufactured end-product. Raw sugar today, as 
we were able to examine the quality characteristics of sugars produced in 
different countries and different mills, refers mainly to the average grain 
size and the uniformity of the grain size. The sugar is usually distributed, 
when it is a direct consumption sugar, as granulated sugar consisting of 
dry sugar crystals, free of lumps, composed of individual crystals mixed with 
a certain amount usually inevitable twin crystals and conglomerates. It is a 
dry sugar having an average grain size between 0.3 to 1 mm linear. 

The trade distinguishes the different types of grain size by expressions 
as: finest granulated, fine granulated, standard granulated, coarse granu- 
lated, and sometimes by specific words as: NIVAS crystals, being an extra 
coatse sugar which was manufactured in Java with the destination of the 
Persian Gulf’s ports and ports of the China mainland. 

When finer grades of sugar are made they are usually not manufactured 
as a dry sugar, but are mixed with a certain amount of invert sugar syrup 
and are then called soft sugars. These sugars, consumed particularly in China 
and Japan, can be made either as plantation white sugars or they are made 
in refineries from raw cane sugars. The average grain size of this type of 
soft sugars is 0.1 to 0.2 mm linear. When these sugars are made from low 
purity products they are usually called brown soft sugars or molasses sugars 
containing a certain percentage of the original mother liquor, being a 
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molasses of low purity retained by the sugar in the centrifugal process to elimi- 
nate the larger part of the surrounding molasses in the original massecuite. 

The tendency exists today that for industrial applications of sugar in the 
highly developed countries the sugar is no longer delivered as a crystalline 
product, but is delivered directly to the user as a concentrated solution 
either as a solution of pure sucrose or consisting of a mixture of sucrose and 
invert sugar. This product is called /iguid sugar and it is partly made in 
special refineries with a purity surpassing even the highest standards of 
granulated refined sugars. This product is becoming more and more 
important. In a highly industrialized country as the U.S.A. the delivery 
of liquid sugar to refineries has surpassed the 1 million tons annually in 1956. 

In the crystallization of sugar we are always dealing with a number of 
technical terms not absolutely standardized over the whole world; how- 
ever, in the English-speaking countries with a certain uniformity we know 
exactly what is understood by these terms. The most common expressions 
in sugar crystallization are the following: 

Syrup. This is a product resulting from the concentration of purified 
juices via evaporation of the excess of water in multiple evaporator effects. 
The syrup can be sulfured syrup, when a small amount of SO, has been 
added to the evaporator syrup, or filtered syrup, when it has been filtered 
over filter cloth with the addition of a certain quantity of filter aid or 
decolorizing carbon. 

Liquor. This is usually called the purified and filtered solution of sugar, 
mostly resulting from dissolving affined raw sugars. It is used in refineries 
for the crystallization of the refined sugars. 

Molasses is in most of the English publications on sugar technology called 
the mother liquor in a crystallized fillmass removed by centrifugation. It 
is distinguished in: first molasses, when it originates from the first boilings 
of the highest purity in the crystallization process; second molasses from 
second boilings. 

Final molasses or black strap molasses is called the product eliminated from 
the manufacturing process of which no more crystallized sugar can be 
recovered by practical means. 

In the crystallization process we distinguish the following words: 

Massecuite written in English usually ‘mass cuite’, although it is origi- 
nally a French word written ‘masse cuite’, which has been taken over liter- 
ally in Spanish as ‘masa cocida’. Synonymous with this word is fillmass, 
which originates from the German word ‘Fiillmasse’. Also an expression 
used many times in publications is simply the word boiling, which can be 
distinguished in: refined boiling, first boiling, second boiling, etc. 
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Skip was originally the transfer of a granulated boiling from one pan to 
another. Today it is used for the transferred volume of a boiling from one 
pan to another pan, from a pan to a seed crystallizer, or from a pan to the 
crystallizer. 

To granulate is the expression for the crystallization process in which the 
sugar from a state of solution is transformed into sugar crystals or grain. 
The word ‘granulation’ for the crystallization of sugar is seldom used in 
technical publication. 

Granulated sugar is all sugar delivered in the form of small crystals or 
grain. When the size of the grain surpasses a linear dimension of 1.5 mm, 
itis usually referred to as sugar crystals as, for instance, Demarara crystals and 
coffee crystals. When sugar is crystallized to still a larger size of the individual 
crystals, larger than 10 mm linear, it is called candy. 

Run off is the mother liquor removed from a mixture of crystals and mother 
liquor by the centrifugal process. According to the type of boiling we dis- 
tinguish: first run off and second run off. For refined sugar boilings it is 
customary to use for the mother liquor from the first refined sugar boiling 
the expression first run off. It is also customary to use for the word boiling 
or fillmass the expression s¢rike. 

In the centrifugal process, where the sugar is washed by steam or water 
or a combination of both, when the run off resulting from the washing process 
is separated from the mother liquor, a distinction is made in the separated 
mother liquor by calling it green molasses or green run off. The sugar solution 
resulting from the washing process is called white molasses or white run off. 

In the execution of the crystallization process in vacuum pans we dis- 
tinguish the different phases of the boiling process by the following terms: 

Graining ot nucleation or seeding of the footing. This is the formation of the 
nuclei or the introduction of fine crystals as nuclei to be developed during 
the crystallization process to sugar crystals of the desired size. 

Ripening ot closing of the footing which is called the development of the 
nuclei to such a size that a sufficient amount of crystal area per unit of volume 
is present that the crystallization can be continued at full rate without the 
practical danger of formation of nuclei or what they call secondary grain ot 
false grain. 

Cutting of the boiling is dividing the pan content over two or more pans, 
or storing a part of the massecuite in special storage equipment what is 
usually called the seed crystallizer. 

Feeding of the pan is the introduction in a pan during the crystallization 


process of the raw materials (liquor, syrup or molasses) which must be 
crystallized. 
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Charge of a pan is called the volume of massecuite that is boiled in one 
pan unit and is usually expressed in cubic feet or hectoliters. A charge of a 
pan is also called the net pan volume. 

All these words and expressions are used in the following review alter- 
nately. There is no special preference for any word or term. The use of these 
terms is to a certain extent a matter of local tradition, although the literal 
translation of these terms from one language into the other can be occasio- 
nally somewhat confusing. For example, in Dutch the first molasses in a 
raw sugar mill is called ‘eerste afloop’ or ‘eerste afloopstroop’, which should 
be translated by first run off syrup. This undoubtedly creates for English- 
speaking technologists some difficulties in understanding what is actually 
meant by these terms. 


2. The Technology of Crystallization of Granulated Sugars 


The following review discusses the crystallization of raw sugars, refined 
sugars and the afterproduct sugars in raw sugar mills and refineries. The 
modern technology of sugar manufacture as applied today for approxima- 
tely 40 million tons of sugar annually is using for the crystallization process 
an apparatus that is called a vacuum pan or sugar pan. The fundamental 
characteristics are that in this equipment the sugar solutions to be crystallized 
are concentrated via evaporation under vacuum using steam or vapor 
introduced in specially designed heating elements in the form of coils 
or calandria. The concentration of the raw material varies from 60 to 70% 
dry solids or brix. The final concentration of the boiling contains between 
8 and 14°, of water depending on the type of boiling to be made and the 
quality of sugar to be delivered as a commercial product or to be used for 
reprocessing, corresponding with a brix varying from 90-105. 

The crystallization process has three different phases, all requiring their 
own technique and operational conditions to obtain the highest efficiency 
and best results. These phases are : 

(1) the graining or nucleation, 

(2) the growth of the sugar crystals to the required crystal size, 

(3) the tying up or final concentration of the boiling to obtain the highest 
yield of crystallized sugar per 100 sugar in raw material. 

In all crystallization processes it is ideal to obtain the crystallized sugar 
in the form of individual crystals of the most regular size and form. Expe- 
rience has demonstrated that it is sometimes impossible to get uniform 
single crystals but that a large number of twin crystals are formed as a result 
of the presence of certain types of nonsugars or a high concentration of 
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certain types of nonsugars in the raw materials. All deviations from uni- 
formity in crystal form must be qualified as undesirable. 

A large percentage of twin crystals in a sugar has as a result that the 
volume weight of the final sugar is smaller than of absolutely uniform 
single crystals. In factories where the packing of sugar is done in uniform 
weight units these abnormalities can have considerable consequences and 
affect the economy of sugar production. 

The presence of conglomerates must be avoided under all conditions 
because it is impossible to manufacture a sugar of a high degree of purity 
when the sugar contains a high percentage of conglomerates where a part 
of the mother liquor is included in these complex crystals which cannot be 
removed by a centrifugal or a washing process. 

The tendency in sugar crystallization is that the graining or nucleation 
of a pan is done more and more via the introduction of a certain amount 
of extremely finely powdered sugar suspended in an organic liquid having 
no solubility for sucrose. The Java sugar industry introduced gasoline as 
the suspension liquid. GrtLerr of the Crocket Refinery introduced iso- 
propylalcohol. It is a matter of availability and to a certain extent of tradi- 
tion and personal preference which kind of organic liquid is used. A number 
of liquids can be used, if the boiling point of the liquid under the conditions 
of the crystallization process is lower than that of the pan content in which 
this seed or nuclei slurry must be introduced, and if it has no solubility 
for sucrose which causes a recrystallization of the finely powdered sugar or 
fondant sugar introducing an uncertain element in the dosage of the amount 
of seed sugar to be used. 

It is customary that if a coarse sugar crystal is being made, a finer type 
of sugar resulting from the centrifugation of another type of boiling is 
introduced as seed. This sugar, for instance in raw sugar mills, can consist 
of the fine grained afterproduct sugars mixed with syrup to a magma and 
introduced in the pans for the commercial boilings as footing. This tech- 
nique of crystallization is the simplest technique and is used in all sugar 
producing areas. The results obtained in the different factories are primarily 
a result of the availability of the proper equipment as correct and well 
balanced capacities of the different types of pan, containers, pipe connec- 
tions and all that is concerned with the creation of operational conditions 


which according to our present knowledge results in a satisfactory perfor- 
mance, 
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3. The Aims of Sugar Crystallization 


The aim of the crystallization of sucrose is twofold. Primarily, the sugar 
in solution must be transformed into a crystalline state that in the following 
step of sugar manufacture, the centrifugation, the highest possible yield 
of commercial sugar be obtained as a commercial product. Secondly, it 
is necessary that the amount of sucrose present in the raw material is trans- 
formed in the highest possible percentage into crystals, and that the final 
end-product of the crystallization process, the last mother liquor or black 
strap, is well exhausted. 

We are dealing in the crystallization process with two types of efficiency. 
The first one is to obtain from the commercial boilings the highest possible 
recovery and a minimum number of crystallization steps to commercial 
end-product. The second one is that in the last or final boilings the by- 
product of sugar manufacture, the molasses, is liquidated with a minimum 
amount of recoverable sugar, since every part of sugar present in the mo- 
lasses which can be crystallized is an economic loss. 

In the manufacture of raw sugar it is customary today, in 80% of the 
canesugar factories, that the last product sugar is returned to the pan floor 
as seed for the commercial boilings. In the manufacture of plantation white 
sugar this system is not recommendable because the sucrose crystallized 
from mother liquor with a low purity (< 60) always contains a certain 
amount of nonsugars included, occluded or syncrystallized with the sucrose 
which affects the purity of the final product. 

In white sugar factories it is customary to dissolve the last product sugars, 
usually after affination, and to return the remelt eventually after filtration 
to the syrup for recrystallization. The sugar from an intermediate boiling 
is used in this case as nucleus for the commercial boilings. 


4. Desugaration of Boilings and Nonsugar Circulation 


The ideal is to crystallize the sugar starting with the raw material, the syrup, 
in a minimum number of boilings of descending purity, to final molasses. 
The most common practice today is, in canesugar factories with a syrup 
purity between 82 and 88, to crystallize the sugar in three different boilings. 
The first two boilings deliver the commercial product. The last product 
boiling is for the maximum desugaration or exhaustion of the final molasses. 

With modern equipment, particularly the introduction of crystallizers 
with cooling or heat exchange elements, it is possible in raw sugar mills 
to have a complete desugaration frdm syrup to molasses in a 2-boiling 
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scheme. This represents tremendous progress from a technological point 
of view. The commercial product is made from one type of boiling and can 
be absolutely uniform, which becomes more and more necessary with the 
introduction of modern centrifugals which are practically automatically 


operated, which can be done only with satisfactory results if the material 
Purity molasses 
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ae 9/1; Relation between purity massecuite and purity molasses for the determination 
of crystal yield % pol in massecuite for massecuite purities between 50 and 100 and 
molasses purities between 20 and 100. 


Purity molasses 


to be subjected to centrifugation is uniform and does not change from hour 
to hour or from boiling to boiling. 
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The most important figure in judging the performance of a crystallization 
process is the desugaration or the amount of sucrose obtained in crystallized 
form per 100 sucrose in the boiling, respectively raw material to be boiled. 
The calculation of this yield of recovered sugar is usually done via the 
Nort Derrr S.J.M. formula or what was known before the S.J.M. formula 
was adopted generally in the cane sugar industry as the HuLLA-SUCHOMEL 
formula. This formula is usually written as follows: 


rae ; urity massecuite — purity molasses 
crystal % on brix in massecuite = 100 ee sane - 





100 — purity molasses 
or 


: : urity massecuite — purity molasses 
crystal °% pol in massecuite = 100 pone ara | 





purity massecuite (100 — purity molasses) 


This formula can be represented in a graph (Fig. 9/1.) 

The desugaration or the calculated crystal yield must be a part of the 
standard technical control of all factories with an interest in the efficiency 
of the pan station. In Fig. 9/1, the crystal yield has been calculated for all 
types of boilings as met in sugar factories between 50 and 100 purity and 
with molasses or run off purities between 20 and 100. 

It is practical for a sugar laboratory to construct detailed monograms for 
the customary types of boiling which can be made in very great detail 
and deliver directly the crystal yield without any calculation. 

In Fig. 9/2 a graph is reproduced for A-strikes or first massecuites in 
plantation white sugar factories with a purity range for the boilings between 
85 and 94.5, and with corresponding molasses purities between 50 and 90. 
For the very high purities of boilings as used in refineries, this method of 
calculation of the crystal yield via purities is not accurate enough because 
the accuracy of the determination of the purity surpasses the normal varia- 
tions in the calculated crystal yield. Here, different methods must be used 
based for instance on the conductivity determination under standardized 
conditions (for example 5 brix solutions at 27.5° C) and to introduce instead 
of the purity the pol-conductivity ratio for boiling and run off, and to 
calculate by the same formula the crystal yield: 


pol ; pol 
——__—__—massecuite——_—__—_—_; 
conductivity conductivity 


pol/conductivity massecuite 


run off 








crystal yield % sugar in massecuite = 100 


The present crystallization technique is that for the high purity boilings 
for the commercial product practically the total crystallization takes place 
in the vacuum pan. The crystallizer between vacuum pan and centrifugal 


Bibliography p. 370 


328 TECHNOLOGY OF SUGAR CRYSTALLIZATION CH. 9 


acts merely as a storage reservoir for the massecuite but does not assist 
substantially to increase the amount of recovered crystallized sugar. 

In a few countries a technique has been developed to use the crystallizer 
station not only as a piece of storage equipment, but as actual additional 
equipment for crystallization. This must be done by cooling using the 
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Fig. 9/2. Relation between purity massecuite and purity molasses and crystal yield % 
pol in massecuite for massecuite purities between 85 and 94.5 and molasses purities 
between 50 and 90. 


decrease in solubility of sucrose at lower temperatures as an additional 
step for realizing the highest yield of sugar as granulated product from 
taw material to centrifuged sugar. 

The 3-boiling scheme, with a consequent maximum desugaration in the 
first two boilings and the use of the C-sugar as seed for the commercial 
boilings, was introduced systematically in Java around 1910. This system 
was named after the technologist who introduced this system for the first 
time, the PasMA system. This system made necessary the introduction of a 
special crystallizer or storage tank for the C-sugar mixed with syrup to 
be used as footing for the commercial boilings. This piece of equipment, 
built usually at the highest floor in the sugar mill above the level of the pan 
floor, was given the appropriate name of zeppelin. Although we realize 
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that this system of boiling was a tremendous step forward, we must state 
that today a large number of factories, even starting with a syrup purity 
of 82 to 85, are applying a 4-boiling system and even occasionally a 5- 
boiling system which is not only confusing for the outsider but must be 
confusing for the insider. 





Courtesy Stork-Werkspoor 


Fig. 9/3. VAN VLISSINGEN pan as introduced in the sugar industry in the first part of the 
19th century, constructed according to the principles of Howarp. 


This inefficiency in operation is primarily the result of accepting an 
insufficient desugaration of the boiling. The master boiler who is in charge 
of the crystallization process is usually able by the application of a number 
of tricks and by adding to his pans syrups, 4-molasses or B-molasses, as 
it may be, to arrive at a certain » purity for the finished boiling but which 
is lacking the consequent and rational application of the fundamental 
principles of crystallization. 

The 4-boiling system can become a necessity in cane sugar factories 
where the final sugar is remelted after affination, or by the application 
of the carbonation process when the first boilings have a purity substantially 
above 90. If such factories are not equipped in the crystallizer station with 
appropriate cooling systems, it is evident that when the crystal yield % pol 
in boiling is not more than 50%, the 4-boiling system must be adopted 
to arrive at a purity for the final boilings of approximately 60. 
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5. Development of the Technology of Sugar Crystallization 


The development in sugar crystallization has four important aspects. 
(1) The equipment to be used in the crystallization process: pans, vacuum 
system.! In Fig. 9/3 we give a picture of one of the first vacuum pans as 

















Courtesy Stork-Werkspoor 


rg. Free piicingr ira view of VAN VLISSINGEN pan. Diameter pan 7’6”, diameter 
O thickn i a : A 2 
sore ee the shell constructed in copper 5/16”, massecuite discharge valve 
/s , thickness of the double bottom constructed in cast iron 23 mm. 


introduced in many countries for the crystallization of granulated sugar 
under vacuum. This is the so called VAN VuIssINGEN pan. In Fig. 9/3a we 
ive a cross-sectional drawing of the original VAN VLIssINGEN pan. In 
Fig. 9/4 we give a picture of a modern vacuum pan as made by GEORGE 
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FLETCHER & Co. Lrp., Derby, England, and in Fig. 9/4a a crosssectional 
view of this type of pan showing the design of calandria, center well 
discharge valve, catch all and the overall dimensions. . 

(2) The operational technique for the crystallization process including 
standardization of the raw materials to be crystallized as to temperature 





Fig. 9/4. FLETCHER vacuum pan. 


and concentration, standardization of steam and vapor pressures to be 
used for heating and evaporation, standardization and adjustment of vacuum. 

(3) Control methods to direct and guide the concentration of the solutions 
to be crystallized as to saturation and supersaturation. 

(4) Automatization of the crystallization process. 

The progress in the crystallization process overt the whole world has 
been characterized primarily by the introduction of more suitable types of 
equipment and secondly by the introduction of useful control instruments. 
The second part of the development is in many countries far behind the 
development of the equipment. This is to a certain extent the result of a 
tradition in the operation of sugar mills. The personnel in charge of the 
pan floor consists primarily of men having a great practical experience in 
sugar crystallization who consider their skill as a kind of art and their 
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personal experience the greatest asset for a well conducted crystallizatior 


process. | . . 

The modern instrumentation which also makes possible an automat 
zation of the boiling process, is a denial of the irreplaceable value of persona 
experience and skill. Our present knowledge of the crystallization proces: 


CHAMBER 


wary 





SECONDARY 
NOXIOUS GAS —_/ 
OUTLET. 


Fig. 9/4a. Cross-sectional view of FLETCHER vacuum pan. 


has advanced to such an extent that it can be conducted completely along 
tational lines eliminating the necessity of personal judgment and subjective 
manipulations. This creates a conflict found in all industries where the 
mastership of the experienced craftsmen is replaced by scientifically con- 
trolled operational conditions. 

The variables in the crystallization process ate: temperature, vacuum, 
tate of evaporation, purity of raw materials and mother liquor, supersatu- 
tation. The progress is to reduce the number of variables in a technological 
operation to a minimum and to standardize them at uniform values which 
according to the experience have demonstrated constant results, 


In a summarized form the development of the sugar crystallization is as 
follows: 
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Fig. 9/4b. Cross-section of a modern calandria pan as designed and constructed by 
George Fletcher & Co., Ltd., Derby, England. 
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CONSTRUCTION DETAILS OF CRYSTALLIZATION (PAN) EQUIPMENT 


Volume dimensions of pans 


minimum maximum 

Net volume of strike 450 cub. ft. (130 hl) 2400 cub. ft. (680 hl) 
Diameter of pan fi 20’ 
Maximum height of massecuite level above 

calandria > 8’ 
Vapor outlet 18” 42” 
Center downtake diameter + of pan diam. 40% of pan diam. 
Construction material 
Shell Steel plate or cast iron. 

_ | tubes Copper or brass. 
Calandria | tube sheets Steel, stainless steel or copper clad stcel, 
bronze or copper. 
Piping and pipe connections Steel, cast iron or copper. 
Bottom construction 
minimum maximum 

Conical design of bottom, angle 20° heh 
Minimum distance bottom at periphery to 

lower tube sheet of calandria 8” 1’ 4” 
Sufficient working space fot inspection and 

repair of tubing of calandria, or bottom 

of pan must be able to lower for main- 

tenance work. 

Sufficiently dimensioned manhole in 

bottom or a manhole has to be made in 

shell above calandria. 
Discharge valve diameter 14” Pa 
Special point to be considered Bottom discharge valve to be constructed 


as double valve. 


Fleating surface (calandria type) 


minimum maximum 
Heating surface per unit volume of masse- 1 sq. ft./cub. ft. 2 sq. ft./cub. ft. 
cuite (0.33 m?/hl) (0.65 m?/hl) 
Height of tubes = a 
Diameter of tubes x vd 4.55 
Steam or vapor inlet 8” 16” 
Condensate removal Single drain going downward through bot- 
tom or exterior condensate drain. 
Removal of non-condensable gases Gas vents have to be connected with 
(venting) vacuum, 
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Cleaning of pans 
After each strike 


Special arrangements 


Periodic cleaning of pan 


Vacuum 


Vapor or steam 


Feeding arrangement 


Instrumentation 
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HE 


2: 


By spray nozzle using hot water or a 
mixture of water and steam. 

Steamings and washings of pans have 
to be separated from discharged masse- 
cuite crystallizer. 


It must be possible to boil the pan out with 


noe 


No 


ee 


water at least once a week. Water inlet 
and outlet must be well dimensioned for 
quick filling and discharging of pan. This 
operation is essential for maintaining per- 
fectly clean evaporating surfaces. 
Must be adjustable. 
Must be maintained at a constant pre- 
determined value. 
Must be at least 27.9” mercury (70.8 cm) 
for last product pans (1 lb/sq. inch = 
0.07 kg/cm? absolute pressure). 
Must be recorded. 
Pressure must be constant. 
Must be adjustable between predeter- 
mined values. 
Must be recorded. 
Must be free of oil and mechanical dirt. 
Feed valves must be standardized. 
Materials fed to the pan must be free 
of grain by proper dilution and have a 
temperature as close as possible to tem- 
perature of the pan content (65° C). 
The feed of the pan must be introduced 
in such a way that it does not interfere 
with the pan circulation. 
The feed outlet in the pan must be under 
the heating surface (never above the 
heating surface). 
All pans should have a water inlet for 
washing, ripening of seed grain and for 
finishing the strikes to maintain sufficient 
evaporation per unit of time for cir- 
culation of the pan content (movement 
water). 
All pans must be equipped with a thermo- 
meter to measure the temperature of the 
pan content, preferably recording; the 
temperature must be measured at least 
8” from the pan wall and 8” above the 
upper tube sheet. 
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2. All pans must be equipped with at least 
one vacuum gauge, a direct reading 
mercury barometric vacuum meter, the 
second a recording vacuum meter. 

3. All pans must be equipped with an in- 
strument to determine the supersatu- 
ration, based on boiling point elevation, 
refractometer brix of mother liquor (pan 
refractometer), electrical conductivity 
(cuitometer), heat transfer meters or 
power consumption meters of mechani- 
cal circulators. 

4. A proof stick for sampling pan content. 

5. A magnifier to observe the developments 
and characteristics of the formed grain. 


The results of the crystallization process in well designed sugar factories 
are a reduction in the time required for producing sugar in a crystalline 
state of a predetermined crystal size and an increased yield of recovered 
crystallized sugar per 100 sugar in material to be subjected to crystallization. 
The consequences of these both factors are that the performance per unit 
of equipment can be increased, the uniformity of the resulting product 
improved, and the operational control simplified. 

As an indication of what can be obtained in modern sugar factories we 
must set the following standards which are based on actual factory expe- 
tience where the conditions according to our present knowledge should 
be considered the best. 


PROGRESS IN SUGAR BOILING 


Obtainable results with modern equipment, good control instruments and efficient 





operation 
Time of boiling sugar strikes 
Fine granulated in refineries one hour 
Raw sugar boilings, purity 80-90, starting 
with feeding of C-sugar magma two hours 
Raw sugar boilings, purity 65-80, starting 
with footing of C-sugar magma three hours 


C-sugar boiling in cane sugar factories, 
purity 58-65, starting with footing of 


grained A-molasses four hours 
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Recovered crystal Recovered crystal 
yield % pol in yield % 
massecuite massecuite 

Refined sugar strikes 65 60 
Commercial boilings 

in raw sugar factories, purity 80-90 65 50 

in raw sugar factories, purity 65-80 70 45 
C-sugar strikes 1 40 


6. The Crystallization Installation Consists of a Number of 
Interrelated Equipment Units 


To obtain a maximum yield of sugar in crystalline form, the crystallization 
process in a vacuum pan can be combined successfully with a cooling of 
the massecuites in specially designed crystallizers. The idea of improving 
the crystallization efficiency by subjecting the massecuites to a cooling 
process in crystallizers equipped with heat exchange elements is an old 
idea in the sugar industry which has been practiced in many countries and 
as a rule with satisfactory results. Well known types of special crystallizers 
are: RaGot & TOURNEUR, KARLIK-CZAPIKOWSKY, SCHNEIDER, LAFEUILLE, 
Werkspoor (Figs. 9/5 and 9/6).?.3 

LaFEuILte has introduced in the sugar industry an apparatus that could 
be used as the vacuum pan for normal boiling and where the heating surface 


Manhole Massecuite inlet 




















N- Cooling 
= water inlet 






Massecuite 
outlet 





Wormdrive 


Fig. 9/5. LAFEuILLE rotary crystallizer. 
Fig. 9/6. Cross-section of LAFEUILLE rotary crystallizer. 


could be used after the strike had been concentrated to the final density 
as well as heat exchange element to cool the massecuite to increase the 
crystal recovery. This equipment is called the LaFrurLtie cuiseur. It has 
found only a limited application in the sugar industry. The total number of 
cuiseurs installed around 1928-1930 was 13. 


Bibliography p. 370 


338 TECHNOLOGY OF SUGAR CRYSTALLIZATION CH. 9 


The effect of a high yield of crystallized sugar is in the first place a sim- 
plification of the boiling process. In the second place, a reduction in the 
amount of massecuite that must be handled by the centrifugal station. 
As an example, we have calculated, in Tables 1 and 2 for a capacity of 1000 
metric tons of cane per 24 hours and a syrup purity of 84.3, the amount of 
massecuite produced using crystallizers for the commercial boilings acting 
as storage reservoirs and a 4-boiling scheme. In comparison the handling 


TABLE 1 


4-BOILING SYSTEM (ORDINARY CRYSTALLIZERS) 


Purity Crystal 
hl Brix Purity Purity mce.-purity yield % 
molasses molasses pol in me. 








Syrup 2000 60.0 84.3 —— — —~ 
1st massecuite 808 92.0 84.3 65.7 18.6 54.2 
2nd massecuite 553 94.0 (PR: 53.5 1923 41.5 
3rd massecuite 488 96.0 64.9 45.4 195 35.1 
Final massecuite 428 98.2 Sieh Za 27.8 38.5 
C-sugar magma — 87.5 84.3 — — — 
Commercial sugar —_ — 98.7 —_— — — 
C-sugar = — 84.3 — — — 


hl undiluted molasses 
from centrifugals 1060 os — = —_ — 


VS 


TABLE 2 
3-BOILING SYSTEM (RAPID COOLING CRYSTALLIZERS FOR A AND B BOILINGS) 


ee ea 
Purity Crystal 
hl Brix Purity Purity moe.-purity yield % 

molasses molasses pol in me. 





Syrup 2000 60.0 84.3 a -- — 
1st massecuite 982 92.0 84.3 60.7 23.6 60.1 
2nd massecuite Siz. 96.0 69.9 45.4 24.5 44.9 
Final massecuite 427 98.2 Apel 29.3 27.8 38.5 
C-sugar magma — 87.5 84.3 — — — 
Commercial sugar a — 98.7 — — — 
C-sugar —- — 84.3 — — — 


hl undiluted molasses 
from centrifugals 765 -— — = — ee 


eee 


of the commercial boilings in crystallizers with cooling elements in which 
the A-and B-boilings were cooled to a temperature of 55° C and a desugara- 
tion from syrup to final molasses in 3 boilings. The data given in these 
tables are averages from a number of factory reports collected in Java 
between 1928 and 1937. The figures represent crop averages of at least 
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ten mills for each of the two systems: (a) 4-boiling scheme with ordinary 
crystals, (b) 3-boiling scheme with the application of crystallizers with 
heat exchange elements for first and second boiling. 

In Fig. 9/7 is represented the effect of cooling of massecuite on crystal % 
pol in massecuite for a massecuite of 77 purity which had been kept for 


Purity massecuite 77 


Temperature massecuite in °C 





3 


Crystal yield % pol in massecuite 


4 5 6 7 8 9 10 " 


Time of cooling in hours 


Fig. 9/7. Effect of cooling of massecuite in standard U-shaped crystallizer on crystal yield. 


Purity massecuite 74 
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68 }Cristal yield 
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Time of cooling in hours 
Fig. 9/8. Effect of cooling of 
massecuite in rapid cooling 
Werxspoor crystallizer on 
crystal yield. 


\—Temperature 


Ternperature massecuite in °C 
Crystal yield % pol in massecuite 
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11 hours in a normal U-shaped crystallizer. 
As a comparison, in Fig. 9/8 the relation is 
given between the temperature of the masse- 
cuite and crystal content °% pol for a masse- 
cuite of 74 purity treated in a rapid cooling 
crystallizer. The cooling effect in a crystallizer 
with heat exchange element is in 31/, hours 
considerably greater than cooling in an ordinary 
crystallizer during 11 hours. At this purity of 
the massecuite it can be observed that the 
increase in crystal yield °% pol follows closely 
the decrease of temperature of the massecuite. 

It is a general experience that the massecuites 
producing the commercial sugar with a purity 
range of 75-90 can be cooled in a rapid cooling 
crystallizer with an appreciableincreasein crystal 
content without the danger of the formation of 
secondary grain ora too high supersaturation of 


340 TECHNOLOGY OF SUGAR CRYSTALLIZATION CH. 9 


the resulting molasses. The cooling of the final boilings delivering the final 
molasses requires a special technology for massecuites of 58-62 purity in 
cane sugar factories. It is necessary that the rate of cooling is adjusted to the 
rate of crystallization. If the cooling is done too rapidly there is the danger 
of a too high supersaturation with a correspondingly increased viscosity 
and a reduction in the rate of crystallization. This subject will be discussed 
in the Chapters 12 and 13 of this Volume. 


7. Fundamentals in the Practice of Sugar Boiling 


The modern sugat industry has tremendous variations in design and size 
of vacuum pans. The smallest type of vacuum pan installed in modern 
factories, usually built towards the end of the last century or the beginning 
of this century, is a pan with a net volume of 50 hl constructed of copper. 
It is used today in some factories for graining or making the footing for 
commercial boiling but no more for making finished sugar strikes. Dis- 
cussions among technologists as to the preference for coil pans or calandria 
pans have to a certain extent been solved in recent years in favor of the 
calandria pan, which has as advantage a larger capacity per 24 hours and 
the possibility to boil the strikes on exhaust steam of low pressure or on 
vapors taken from the evaporators. Another advantage is the simplicity 
of construction. 

All the discussions on the different types of pan bring up the point of 
the circulation in pans.* The ideal of a vacuum pan is that all the conditions 
of the massecuite in process of crystallization be as uniform as possible as 
to density, crystal content, supersaturation and temperature, and to have 
these conditions uniform through the whole pan content. This ideal is 
never fully realized. We must accept certain differences resulting from the 
heating and evaporation but these deviations of the average as to tempera- 
ture and supersaturation must be kept within certain limits. The ideal of a 
pan that it can be classified as a pan with a good circulation is that the tem- 
perature differences as they are measured as the temperature differences of 
the massecuite under the calandria and measured 40 cm above the calandria, 
when the pan has reached practically its final volume of massecuite, should 
be no more than 3° C (5.5° F). 

The circulation in pans is a result of the difference in specific gravity of 
the massecuite evaporating in the top layer above the heating surfaces and 
the specific gravity of the massecuite in the returning downflow of the 
massecuite through the center well or downtake. This is indicated schema- 
tically in Fig. 9/9, 
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It is possible to calculate, via the amount of heat transferred per unit of 
time from the heating medium (steam or vapor) to the massecuite and the 
measured temperature differences in the massecuite, the flow of the masse- 
cuite through the tubes of the calandria or between the coils of a coil pan 
and to get an impression of the rate of circulation of a massecuite during 
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Fig. 9/9. Schematic drawing of the mechanism of heating, evaporation and circulation 
in a vacuum pan. The intensity of circulation or the flow of massecuite through the tubes 
of the calandria is determined via the temperature difference 7, — 7,. The quantitative 
relationship is: (7, — T,) X specific heat per liter of massecuite x volume of mas- 
secuite in liters flowing per minute through the calandria tubes = condensate in liters 
per minute x condensation heat of vapor per kg. 
It is also possible to express the intensity of circulation at the rate of flow of massecuite 
in dm or m per minute flowing through the calandria tubes, to be calculated by the 
equation: volume of massecuite in liters per minute = rate of flow of massecuite in dm 
per minute cross-sectional area of calandria tubes in dm’. 


the crystallization process which can be expressed in feet per second of 
meters per minute. 
Definition of Circulation 


In the technical literature on the boiling process, frequently the expression 
is used: ‘circulation in vacuum pans’. This expression is usually applied 
to describe in a qualitative way the intensity with which the massecuite 1s 
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moving upwards along the heating surfaces and evaporating in the upper 
level zone and returning downward to the bottom of the pan via the center 
well or downtake. The driving force for the circulation is the intensity of 
evaporation or the formation of vapor bubbles in the upper zone level 
causing a lower specific gravity of the fillmass and creating different hydro- 
static pressures above the heating surface and the massecuite level above the 
downtake. The driving force /F/] can be expressed in a mathematical way 
as follows: 

F = height of massecuite measured from lower tube sheet of calandria x average 

specific gravity of massecuite plus vapor bubbles as present in an operating pan 

above the heating surface of the calandria x cross-sectional area of the calandria — 


height of massecuite measured from lowest center of downtake x specific gravity 
of massecuite x cross-sectional area of downtake. 


An unknown factor in this equation is the specific gravity of a boiling 
massecuite, respectively the mixture of massecuite and vapor bubbles. 

We have tried to get an impression of the volume of vapor bubbles in 
the boiling massecuite in vacuum pans, when they are operating under 
normal factory conditions, by closing the vapor inlet valve to the calandria 
and to estimate the reduction in volume of a massecuite when the boiling 
process is interrupted. This reduction in volume represents the volume of 
vapor bubbles in massecuite present in the evaporating massecuite in the 
upper zone level and makes it possible to calculate the average specific 
gtavity of the massecuite when a pan is in operation. 

According to these experiments the driving force pushing the masse- 
cuite through the tubes of the calandria is, for well designed vacuum pans 
for A- and B-boilings, measured at the inlet at the lower tube sheet of the 
calandria, 2 to 3 kg per dm?. The rate or intensity of circulation can be 
expressed as the flow speed of the massecuite passing through the calandria 
tubes. For commercial raw sugar boilings the flow speed is 5 to 20 m per 
minute in well designed pans during the building up of a strike. 

For a better understanding of the circulation phenomena we can use 
the simple expression 


; ; driving force 
rate of circulation — 





resistance 


The resistance in pan circulation depends on pan design (flow resistance 
surfaces) and viscosity of massecuite. 
It is possible in this way to calculate the circulation of pans in a quanti- 
tative way and to analyze the factors determining the intensity of circulation. 
Two definitions are used for circulation. The circulation of a pan is 
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the percentage of the total volume of massecuite circulating per minute 
through the heating elements of the calandria. In a good circulating pan the 
whole massecuite volume is passing through the heating elements in 1 min- 
ute time. This is called a circulation = 100. If it takes 4 minutes for a pan 
to circulate the whole pan content through the heating elements, the cir- 
culation of the pan is 25. The second definition that is used to describe 
quantitative circulation is the flow rate in meters per minute of the masse- 
cuite flowing upwards through the calandria tubes. 

As an example of the rate of circulation determined in calandria pans we 
give the following data: calandria pan with net massecuite volume 300 hl, 
evaporating surface 150 m?, calandria tubes 4” i.d., number of tubes 280.5 

The amount of condensate measured during the experiment varied from 
60 to 180 kg per minute. The temperature difference of the massecuite 
before and after passing the calandria tubes (measured 15 cm below the 
lower tube sheet and 50 cm above the upper tube sheet) was 2.8° C. The 
amount of heat transferred from vapor to massecuite varied per minute 
from 36,000 to 108,000 kcal (condensate in kg/min x condensation heat 
of vapor/kg). The specific heat of the massecuite in process was 45,000 kcal 
(volume of massecuite in liters x specific gravity x specific heat of masse- 
36,000 to 108,000 — 03 — 1. This 

2.8 x 45,000 
means that the total pan content during this experiment circulated under 
the best conditions with a circulation intensity of 100 and with the lowest 
evaporation rate 30. 

This experiment was done with intermittent feeding of pans and demon- 
strated the irregularity introduced by this system of feeding. 

To calculate the flow rate of the massecuite in the calandria tubes we 
have the following cross-sectional area of the tubes in the calandria: number 
of tubes x cross-sectional area per tube, 4” i.d. = 280 x 0,81 dm* = 227 dm’. 

The flow rate of the massecuite through the calandria tubes = 


i i secuite volume per minute in liters ; 
circulating mas p Bo er nee 





cuite). The circulation per minute was 





cross-sectional area of calandria tubes in dm? 
7,500 to 25,000 
227 

Studies of this kind were made between 1927 and 1935 with all types 
of pan design in Java as they have been made along similar lines in other 
countries. These studies resulted in certain conclusions as to some of the 
fundamentals that had to be incorporated in the design of a well functioning 
factory pan. This refers to the dimension of tubes in the calandria, the di- 


— 33 to 110 dm or 3.3 to 11 m per minute. 
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mensioning of the center well, the design of the bottom of the pan anc 
the intake of the raw materials to be crystallized. 

At the present moment the high narrow vacuum pan is a relict of the 
past. The narrow center well has only a historical interest. The long tube: 
in a calandria are more a disadvantage than an advantage. The criteria a: 
given in the preceding paragraph must be taken as absolutely essential fo: 
modern pan design. 

Scientific studies on crystallization have taught us that progress in crys 
tallization can only be made if we are able to control the operational con: 
ditions.* The vacuum is one of the most important operational conditions 
This must be maintained at a constant value. All modern designs of a par 
station should indicate them constructed preferably with an individua 
condenser and an individual vacuum system so that the charging or dis. 
charging of one pan is not influencing the operation in the other pans. The 
pressure of steam or vapor must be constant. This is in many cases not sim 
ple. A technical solution for the fluctuating steam consumption of the par 
station is the installation of steam accumulators thereby making it possible 
that the steam generator plant is operating under uniform and constant 
conditions. The accumulator acts as compensation for the irregularities in 
the steam consumption. 

Modern control instruments are becoming an absolute necessity when we 
wish to arrive at the best technical performance. Vacuum meters, thermom- 
eters, conductivity control instruments and eventually instruments fot 
measuring the boiling point elevation must be considered a normal and 
essential part of the crystallization station. 

It must be understood that trying to achieve perfection in the technology 
of crystallization requires that all elements of this technological process 
be given due consideration. It is, of course, an impossibility to talk about 
modern instrumentation and to expect miracles from such control instru- 
ments if the vacuum of a pan or the steam pressure used for boiling is fluc- 
tuating all the time. 

There is no secret in the progress of modern technology, but there is a 
fundamental rule that never should be forgotten and which must conse- 
quently be applied. This rule is that we must work on uniformly controllable 
operational conditions. If a workman in charge of the pan operation must 
make first class boilings but the steam pressure fluctuates between 3 and 
15 Ibs. or the vacuum fluctuates between 23” and 25”, it is asking for the 
impossible to expect under such conditions that a massecuite will be pro- 


duced of absolutely uniform crystals and with a high yield of commercial 
sugar, 
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8. The Significance of Circulation on Supersaturation 


In the crystallization process in vacuum pans a proper circulation is essential 
for maintaining uniform conditions as to supersaturation and obtaining a 
high crystallization rate per unit of time. In Table 3 we have calculated, 
as an example, the effect of a stagnate massecuite in a vacuum pan, heated 
via a calandria which as a result of a drop in the vacuum at a certain moment 
was interrupted in normal evaporation and the resulting circulation. This 
calculation is done for a refinery strike, brix 88, supersaturation 1.20, vacuum 
66.7 cm mercury. 


TABLE 3 


BOILING POINT TEMPERATURES OF MASSECUITE AT DIFFERENT DEPTHS OF THE BOILING 
MASSECUITE BELOW THE SURFACE LEVEL FOR REFINED SUGAR LIQUOR, PURITY 100, BRIx 88, 
SUPERSATURATION 1.20, vacuuM 66.7 cm Hg 





Depth below Hydrostatic Vacuum of Boiling point 








massec. height in the boiling sag Siriaas State of 
level in cm cm Hg massec. incm Hg Rs. eC Satneat On 
0 0 66.7 58.6 1.20 
25 Dal 640 63.5 1.14 d 
50 5.4 61.3 68.0 TAS] ce ieee ee 
75 8.1 58.6 Thies 1.04 
100 10.8 55.9 74.5 saturated 
125 13:5 53.2 sit Pa 0.97 
150 16.2 55 80.0 0.94 
175 18.9 47.8 82.0 0.91 
200 21.6 45.1 84.0 0.89 
225 24.3 42.4 86.0 0.874 Undersaturated 
250 27.0 39.7 88.0 0.84 
TS) 29.7 37.0 89.9 0.81 
300 32.4 34.3 91.7 0.78 


This calculation is, of course, excessive because it is calculated under the 
assumption that there is no circulation at all. In practice we have found with 
calandria pans that the temperature difference was 6° C measured 15 cm 
above the upper tube sheet and 140 cm above the upper tube sheet, with 
a distance of only 125 cm. This temperature difference corresponds with a 
difference in supersaturation of at least 0.10. 

Careful observation of the crystal structure in pans with poor circulation 
shows that without any doubt during a part of the circulation of the pans 
some of the crystals have been exposed to undersaturated conditions and 
are partly dissolved, which has been corrected in another phase of the crys- 
tallization process. 

The effect of poor circulation is that it is impossible to discuss the existing 
conditions during the crystallization process. The supersaturation varices 
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in a short time from a very high value in the upper level of the massecuite 
above the heating surface to an extremely low level after the massecuite 
has left the tubes of the calandria. These great differences occur particularly 
in the last phase of the boiling process, but this last phase is extremely 
important for the quality and yield of sugar to be recovered in the centri- 
fugals. 

9. Feeding of Pans 


The vacuum pan is connected with syrup in molasses tanks, respectively 
liquor tanks, and is introduced in the pan via the pressure differences of 
these tanks and the vacuum in the pan. 

The intake in a pan is not only the feeding with the materials to be 
crystallized, but in raw sugar factories also the magma, being a mixture 
of fine grain last product sugars and syrup, powdered sugar, or a fine 
granulated sugar which must grow in the commercial boilings to crystals of 
a desired size. 

The experience is that the intake of sugar in dry form as powdered sugar 
for seeding a pan or as fine granulated for making coarse crystals is always 
connected with a certain risk, as the air flow coming into the pan with a 
powdered sugar passes through the syrup or molasses in the pan and carries 
a large part of the dry sugar with it, disappearing in the vacuum system. 
When a pan must be grained with powdered sugar it is recommendable 
to add this powdered sugar dispersed in a liquid either saturated sugar 
solution, denatured alcohol, gasoline, or isopropyl alcohol. In this way 
it is possible to introduce the sugar quantitatively into the footing in the 
pan. 

Another important point in the crystallization process is that the pan 
must always be connected with an intake for water. This can be necessary 
for reducing the supersaturation and dissolving secondary grain if this 
has been formed, or it is sometimes necessary to maintain a certain circu- 
lation because the circulation is directly proportional to the amount of 
water evaporated per unit of time. The driving force for circulation in 
pans are the evaporation and the vapor bubbles formed in the top layer 
of the massecuite creating a difference in weight between the massecuite 
column in and above the heating surface, in the center well or downtake 
of the pan. 

The ideal for feeding a pan is the continuous intake because this creates 
uniform and controllable conditions for the crystallization process. 

‘The common practice in judging the supersaturation is in most factories 
still by visual observation of a sample of the massecuite or footing taken 
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with a proof stick and determining by the index and thumb proof, the string 
proof, the viscosity. This control system of touch has given the experienced 
sugar boiler astonishing confidence in judging the degree of supersaturation. 
The introduction of the electrical conductivity which is based on the very 
simple relation that the viscosity is proportional to the reciprocal value of 
the electrical conductivity, has given us a much more accurate and objective 
system of control than the index and thumb proof of the sugar boiler. 

We have had the opportunity to test approximately 50 experienced sugar 
boilers in Java. We asked them to indicate for us the saturation point of 
different raw materials, the danger point as to supersaturation that secondary 
grain could be formed, and to tell us when a raw material was still in a state 
of undersaturation. These boilers had experience in sugar boiling of 
many years. We have been using control instruments to check the judgment 
of these experienced men. The result of this investigation was that not even 
20°% of the boilers was able to estimate the saturation point of boilings. 
They could be inaccurate as much as 0.25 in supersaturation. The danger 
zone for the formation of secondary grain varied for first boilings in a 
purity range of 80-85 to 1.10 to 1.90 supersaturation. No regularity at all 
was discovered in the subjective opinions of these experienced men. 

The introduction of the electrical conductivity control with proper 
education on the use of the pan boiler and after overcoming the natural 
reluctance of skilled craftsmen to adopt a control system, which requires 
a tremendous amount of patience and demonstration that with control 
instruments an average sugar chemist can be taught in three days time to 
make a perfect boiling, made it possible to introduce this control system 
as a universally adopted system in the Java sugar industry between 1932 
and 1940. 

The introduction of this control system has not only to overcome the 
traditional reluctance of the experienced master boilers who feel that it 
is an infringement of more or less their sacred field of authority, but also 
to convince the technologists who by their training should have an under- 
standing how progress must be made that such a control method is a step 
forward. They must be convinced along quite different lines because they 
wish to know the relationship between supersaturation and electrical 
conductivity. Undoubtedly, the introduction of a new control method is a 
stimulant for technological research that we get a better understanding of 
the conditions of technical crystallization. 

The introduction of water movement in pans to maintain a certain level 
of evaporation during the whole crystallization process because evaporation 
is the driving force for circulation, requires the convincing of chief engi- 
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neers that the man on the pan floor is not wasting the steam he has produced. 
The opinion of many engineers is that all the steam used in pans, especially 
when they are using extra water, is a waste of valuable fuel. The engineers 
who have locked off the water valves and the overflow valves from the 
high pressure steam line to the low pressure steam line are not so excep- 
tional in the sugar industry as it would seem to an outsider. 


10. Crystallization of Final Product Boilings 


Of the greatest importance for the yield of recovered sugar per 100 raw 
material as well as for the quality of the commercial sugar when a C-sugar 
is used as seed for the commercial boilings, is the crystallization of the 
last boiling in plantation white sugar factories, raw sugar factories, and for 
the recovery also in refineries. 

In cane sugar factories the molasses resulting from the preceding boiling 
has usually a purity between 48 and 60. The concentration of nonsugars 
in this molasses is extremely high, affecting the rate of crystallization. The 
supersaturation must be maintained at a rather high level to have a sufficient 
tate of crystallization per unit of time with a corresponding increase in 
brix and viscosity of the mother liquor. This results in an Operation with 
a much more viscous material in the pans, reducing the circulation and 
asking more attention of the operating personnel because by the slower 
crystallization rate a longer time is required to transfer the sucrose mole- 
cules from a dissolved state into a crystalline state. 

It is impossible to realize a satisfactory final desugaration of the last 
product boilings in the vacuum pans directly. This has to be followed by 
an aftercrystallization in crystallizers, usually today in modern factories 
with the application of a controlled cooling process by the use of heat 
exchange elements in these crystallizers. 

To obtain a uniform and regular crystal it is customary in most modern 
mills that the nucleation for the final product boilings is done by seeding 
a mixture of syrup and molasses with a purity between 65 and 80 by the 
introduction of powdered sugar or fondant sugar dispersed in an organic 
liquid (alcohol, isopropyl alcohol, or gasoline). 

The manufacture of this seed to be used as nuclei for the crystallization 
process is a technique in itself. Our personal experience has shown that 
the best results are obtained by manufacturing a very fine seed slurry by 
wet milling in ball mills of a refined sugar suspended in an organic solvent 
having no solubility for sucrose. 

The Java sugar industry has been using gasoline as organic fluid because 
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this is generally available at sugar mills; it is cheap and evaporates com- 
pletely in the vacuum pans. 

The technique of making the final massecuites is that the footing is made 
in most factories today in a syrup-molasses mixture of a purity between 
72 and 78. A low purity of the footing requires considerable time for the 
growth of the introduced nuclei to a sufficient grain size and obtaining 
what is called filled or closed footing before the boiling process can switch 
over to the second phase, being the feeding of the pan with molasses of 
low purity to build up the strike. 

The technique is that the pan is fed with a mixture of syrup and molasses 
of a predetermined purity and to take care that after concentration the 
upper tube sheet of the pan is covered to at least 8” with the material to be 
crystallized to the footing for the final boilings. 

The first concentration in modern pans requires 15 to 30 minutes. To 
judge the supersaturation it is necessary that this either is determined by 
the boiler by a finger proof, judging the viscosity as an indication of the 
supersaturation, or by using the conductivity control. When a factory has 
installed control instruments for determining the electrical conductivity, 
the measurement of the conductivity is an absolutely reliable system for 
uniform operational conditions. The supersaturation can be determined by 
this method with an accuracy of 0.05, which is absolutely sufficient to deter- 
mine the graining point. 

There are two methods of graining by introducing a seed slurry. One 
is shock seeding where the pan content has been concentrated to a high 
supersaturation, 1.60-1.70. The other is full seeding where the supersatu- 
ration is maintained at a value of 1.30-1.40. The amount of seed slurry 
to be used is extremely small. To manufacture 1000 cu.ft. (280 hl) of final 
C-massecuite, the amount of sugar that must be used resulting from wet 
milling in an organic fluid is approximately 40 to 50 g. After the introduc- 
tion of a seed slurry it is usually observed that the supersaturation is still 
increasing during 3 to 5 minutes after the nuclei have been brought in the 
footing. It is necessary at this point to start introducing water in the pan 
immediately to maintain a high rate of evaporation giving a perfect circula- 
tion of the footing. This must be continued for 15 to 20 minutes during 
which time the nuclei are growing rapidly to a visual crystal size filling 
up the footing and preventing an increase in supersaturation causing the 
formation of secondary grain and resulting in an uncontrolled crystallization 
process. 

When a sufficient amount of crystals has been formed in the footing, 
that according to a visual observation it is more of less filled with crystals 
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which corresponds with a crystal content on footing of 30-35%, the boiles 
switches over to feeding the pan with low purity molasses. This process 
can be controlled accurately via the conductivity control. 

In Fig. 9/10 we give a graphical representation of the different phases 
of the crystallization process.” The feeding of the pan must be done con- 
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Fig. 9/10. Relation between refractometric brix of mother liquor in boiling massecuite 
and electrical conductivity of the massecuite. 


tinuously. The so-called intermittent feeding of pans is a practice which, 
in the first place, results in irregular conditions for the crystallization; in 
the second place according to all the available experience, it increases con- 
siderably the total required time for making a massecuite. 

With natural circulation the growth of the last product sugars from 
nuclei to a crystal size of 0.25+0.35 mm linear, which is a common crystal 
size for the last product sugar, takes approximately 5 to 8 hours in raw 
sugar factories. It can be reduced in plantation white sugar factories using 
the carbonation process as the purification method to approximately 4 hours 
as a result of a different composition of the nonsugars. 

In factories where only calandria pans are installed, it is not customary 
that in one pan the boiling process is executed straight from footing to 
finished strike to be discharged to the crystallizers. One footing made in a 
calandria pan is usually sufficient for making three or four finished strikes 
accomplished by cutting or storing a certain percentage of the unfinished 

“strike in a special storage crystallizer. The stored semi-finished strike 
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is used to start the boiling of another C-strike in another pan as soon as 
it is available. 

Extremely important in the C-strike is the finishing of the boiling. A 
C-strike should be concentrated to such a water content of the mother 
liquor that, without any dilution in the crystallizer, a well exhausted final 
molasses results. This is done by finishing the strike by maintaining a 
satisfactory circulation in boiling the pan for the last 40 to 70 minutes by 
the introduction of movement of water. This circulation in the pans at higher 
temperatures results in a decrease of the supersaturation as a precaution 
that no secondary grain will be formed when the C-massecuite is charged 
to the crystallizers. It is not recommendable to start immediately with 
cooling of C-massecuites when they have been charged to the crystallizers. 
They should be left in the crystallizers for 1 to 2 hours without any cooling 
water in the heat exchange elements to reduce the supersaturation of the 
mother liquor. 

The conductivity of final massecuites must decrease towards the end of 
the strike. The empirical experience of the boilers, when the pans have 
been installed with recording conductivity meters, will find easily the correct 
values for realizing the ideal conditions of crystallization. 

This second phase of the boiling of final strikes is of such a character 
that it can easily be done automatically by connecting the recorder of a 
conductivity meter with a Servo motor, opening and closing the feed 
valve charging the pan with the material to be crystallized. 

In Fig. 9/11, we give an example of the recorded conductivity of a final 
product boiling made in a calandria pan with natural circulation. 
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Fig. 9/11. Recorded conductivity in mA of the first part of a C-massecuite grained with 
powdered sugar in a mixture of syrup and A-molasses, followed by continuous feeding 
of the pan with B- molasses. 
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11. Application of Conductivity Control for the 
Crystallization Process 


The application of the determination of the electrical conductivity was 
introduced in the Java sugar industry for the first time in 1932.8 Honic and 
Nicoia made a study of the relationship between the electrical conductivity 
and viscosity of molasses and verified the applicability of the rule of WAL- 
DEN, which states that the product of electrical conductivity and viscosity 
is constant, or in other words, the electrical conductivity is proportional 
to the reciprocal value of the viscosity. 

This investigation was made to study the effect of different purification 
methods on the viscosity and to see whether the constant in the WALDEN 
equation could be used as a characteristic value for the viscosity-conduc- 
tivity ash relation of molasses, respectively could be related to the crystal- 
lizing quality of sugar house products of low purity. It was suggested that 
the same system could be used as an aid in the practical crystallization 
process. A simple conductivity meter was constructed consisting of a 
voltage transformer, a set of electrodes and a mA meter. After an inves- 
tigation at the Java Sugar Experiment Station in 1931, it was introduced 
for the first time for practical crystallization control in sugar factories in 
1932. The system of electrical control was used parallel with a control of 
the boiling process with a ZeE1ss pan refractometer. The first results of these 
experiments are reproduced in Fig. 9/10. 

The pan refractometer was an extremely useful instrument for boiling 
control investigations but it was seen immediately that the use of the con- 
ductivity to judge the supersaturation had from a practical point of view 
great advantages. The advantages are that the instruments required for 
conductivity control are inexpensive and they are to a certain extent fool- 
proof. The pan operator can use the direct readings of a mA meter as an 
indication of the concentration of the pan content. 

Already in 1932, ten pans were equipped with conductivity control 
meters constructed at the Java Sugar Experiment Station. The effect was 
that the operating personnel was using these instruments after some simple 
instructions. The reaction of this personnel gave us the confidence that 
this instrument was a step forward in an objective control system for the 
crystallization process. 

The collective experience showed that the readings of the mA meter, 
to obtain the best results, varied from factory to factory. This was partly 
the result of the fact that the capacity of the electrode sets was not standar- 
dized. In the second place, the average ash content of the raw materials 
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varied in Java considerably from factory to factory. Factories near the 
coast with a higher salt content in the soil have usually a much higher ash 
content in their juices than the factories in the interior of the island. The 
critical colleagues among our technologists considered this effect of the 
nonsugar composition a handicap for an absolute objective control method. 
A request was made to the Java Sugar Experiment Station to develop a 
method where a predetermined correction factor could be applied for the 
ash content of the raw materials and that it would be possible to use the 
conductivity control only with an adjustment to the purities of the boiling 
to be made. Furthermore it was requested to give a set of standard super- 
saturation values related to the specific conductivity of the raw materials 
which would make it possible that the experience of one factory could be 
transferred, after the necessary corrections for the ash content, to the con- 
ditions existing at other mills. 

The history of the electrical conductivity control is that the relationship 
between viscosity and electrical conductivity, respectively concentration 
ot brix, of a technical sugar solution and conductivity on one hand and 
viscosity on the other hand was studied systematically for the first time by 
Honic and Nicota in 1928 and 1929. It was found that conductivity could 
be used for a certain type of material as an indirect figure for the determina- 
tion of the brix or supersaturation. ALEwIJN developed the first technical 
control instrument, composed of easily available parts that could be used 
for the determination of the conductivity in pan operations. ALEWIJN in- 
vestigated for the first time in 1932 the applicability of this system for 
practical sugar boiling control. 

The technical development of the instruments as a commercial unit has 
been undertaken in the Netherlands by Heemar, Hengelo, and in the 
United Kingdom under the name of cuitometer by the Sucar MANurac- 
TURERS SuppLy Co. Later on, different types of electrical conductivity con- 
trol meters have been introduced. As far as we are able to judge the deve- 
lopments of this instrument, they have been based on the first experiments 
and studies made in the Java sugar industry. 


12. The Conductivity of Technical Sugar Solutions at 
Saturation Point 


In 1936 the study on the relationship between the specific conductance of a 
technical sugar solution and the conductivity of the same solution concen- 
trated to the saturation point at a temperature between 55° and 70° C 
had progressed to such an extent that it was possible to predetermine 
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exactly the conductivity of the raw material at the saturation point based 
on the specific conductance of the same material. It is a well known fact 
that when a technical sugar solution of high density is diluted, the conduc- 
tivity increases with the dilution until a maximum conductivity is reached 
at a brix of approximately 26 to 30. The effect of the degree of dilution on 
the conductivity of a molasses or syrup is given in Fig. 9/12. 

The conductivity of any kind of technical sugar solution at 30° C diluted 

r wW 


n n 
3400 7120 


3300 4110 
3200 j 100 
3100 
3000 
2900 
2800 
2700 
2600 
2500 
2400 
2300 
2200 
2100 
2000 
1900 
1800 
1700 
1600 
1500 
1400 
1300 
1200 





70 60 50 40 30 20 10 O 
Brix 
Fig. 9/12. Relation between conductivit 
2 ec y, respectively resistance of syrups and mol 
at different brix for purities from 40 to 45 (maximum conductivity at 29 btix) and om 
purities from 85 to 100 (maximum conductivity at 26 brix). The curves I/II have been 
determined for a purity 99, the curves III/IV for a purity 51. The voltage used for the 
determination of the conductivity was for I/II 88 V and for DET 275 Ae 


to 26-29 brix, determined with a brix hydrometer, gives a value for the 
conductivity called the specific conductance, which is not sensitive for 
small variations in the brix and which value is directly related to the ash 
content, respectively to the ash constituents determining the conductivity 
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of the raw material under the conditions of the crystallization process. The 


dilutions to be used for the determination of the specific conductance are 
as follows: 





Purity To be diluted to uncorrected 
ry hydrometer brix of 
100 — 85 26 
85 — 70 27 ° 
70 — 55 28 calc. at 30° C 


55 — 40 29 


Since the approximate purity of the raw materials on the pan floor is 
usually well known in all sugar factories, it is simple to dilute volume by 
volume a certain amount of molasses or syrup as present in the syrup and 
molasses tanks on the pan floor to obtain the brix required for the deter- 
mination of the specific conductance. In Table 4 we give the ml of water 
to be added to 100 ml of the sugar house raw material to be tested for the 
purity range between 50 and 100 to have the sugar solutions from 26 to 
29 brix for the determination of the specific conductance. 


TABLE 4 
DILUTION TO BE APPLIED WITH SYRUPS AND MOLASSES FOR THE DETERMINATION OF THE 
SPECIFIC CONDUCTANCE 


Brix of | To 100 ml of the syrup or molasses to be tested 
syrup or must be added the following amounts of distilled 





molasses water in ml 

to be tested dilution dilution dilution dilution 

for specific to to to to 

conductance 26 brix PH} \pyab 28 brix 29 brix 
50 113 105 96 89 
51 119 110 101 93 
52 124 115 106 98 
53 129 120 ilstal 103 | 
54 135 125 116 108 
aye 140 130 ial ah he 
56 145 135 126 117 
57 151 141 131 122 
58 157 146 136 127 
59 162 151 141 132 
60 168 L577, 147 WS 
61 174 162 152 142 
62 179 168 157 147 
63 185 173 162 152 
64 191 179 168 Mey 
65 197 185 diz 163 
66 203 190 179 168 
67 209 196 184 173 
68 215 202 190 179 
69 221 208 195 184 
70 227 214 201 190 


eee 
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The relationship found was: 


specific conductance at + 28 brix and 30° C 6.2 





. . . °o fo} s 
conductivity of the same material at the saturation point between 55° and 70° C 1 


for a purity range of 75-85. For lower purities this ratio decreases slightly, 
being for 50 purity cane molasses appr. 6.0. 


To use this relationship a test electrode was constructed having a 


capacity of the electrodes used for the conductivity control in the pans. 
Fig. 9/13 gives a picture of a test electrode used for the first time in 1936 
in Java sugar factories. 





Fig. 9/13. Test electrode as used in the Java sugar industry for the determination of the 

specific conductance of the materials used in the crystallization process in vacuum pans. 

The capacity of the electrode set A A can be adjusted to the capacity of the electrodes 
as used in controlling the crystallization process in the vacuum pans. 


Construction of the Test Electrode 


The test electrode consists of a cylindrical tube with two canals for the 
electrodes (length appr. 20 cm, diameter 2-3 cm) made from ebonite or 
other insulating plastic. At one side is a cap into which are inserted the two 
electrodes adjustable as to length and position via a screw thread that can 
be calibrated exactly to the desired capacity of the ‘conductivity cell’. These 
two electrodes are connected with normal electric wire and used with the 
same system of measuring the conductivity for the pan control. When the 
pan control system is equipped with a voltage regulator, the material to be 
boiled is first tested on its specific conductance and the reading of the mA 
meter is set exactly at the 0-line for the saturation point, usually 70 mA. 
This is the zero conductivity to be used for the pan control. 

The sensitive point is the temperature control in testing the specific 
conductance of the raw material. For this can be used at the pan floor a 
very simple water-bath with thermometer filled with cold water as well as 
with condensate. It is possible to make such an arrangement that the deter- 
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mination of the specific conductance is done directly on the pan floor. 
It is also possible that the specific conductance is determined in the labo- 
tatory, if we know exactly the capacity of the pan electrodes. 

In the conductivity control is usually used an mA meter with a scale 
going from 0-100 mA. The saturation point is set via a voltage regulator 
at exactly 70 mA. When this is done it is possible to use exactly the same 
conductivity values for the different boilings independent of variations in 
the ash % nonsugars of the materials to be crystallized. The best results 
are obtained with the conductivity control if all the electrodes in the pans 
are standardized and constructed in such a way that they have all the same 
capacity. 

The investigations on the relationship between conductivity and sugar 
saturation have given us a solid foundation for the determination of the 
supersaturation based only on electrical conductivity. It is possible to 
express supersaturations in conductivity values. 


13. Supersaturation in Technical Sugar Crystallization 


Although the expression ‘supersaturation’ is used frequently in technical 
publications, the number of actual determinations of the supersaturation 
under the conditions of the crystallization process is extremely limited. 
The main reason is that the determination of the supersaturation is difficult 
and time consuming. The customary definition of supersaturation is 


sucrose in solution of purity P at temperature T % water 





supersaturation = - - - ~ - 
4 sucrose in solution of purity P at temp. 7 at saturation point % water 


what is usually written as 


brix of solution of purity P at temperature T % water 





— brix of solution of purity P at temp. 7 at saturation point % water 
The difficulty in the application of this formula is that we are using brix 
and water. For technical investigations we can use as brix: true solids, 
hydrometer brix determined after a dilution 1:1, or the refractometric 
brix. 

The simplest is the determination of the refractometric brix; however, 
it must be understood that the refractometric brix is not the same as true 
solids. For low purity products the true solids are always lower than the 
refractometric brix. The difference f.i. for molasses of 40 gravity purity 
can be 2 to 4 brix between the two values. 

Much greater is the difference between the brix determined by hydro- 
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meter after dilution 1 : 1 and true solids. For low purity canesugar products 
as f.i. molasses this difference can be as high as 10 points. 

The determination of a large number of true solids contents in low purity 
products is cumbersome and requires special precautions in the determina- 
tion of dry solids (drying at low temperature under vacuum) to avoid 


decomposition during the water analysis. 
For cane juices a very elaborate study has been made on the relationship 


between purity, temperature, brix, saturation and supersaturation by 
TureME in Java.? The results of THrEME have been checked by the Java 
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Fig. 9/14. Relationship for cane juices between brix, temperature in °C and purity at 
Saturation point, according to THIEME. 


Sugar Experiment Station using the refractometric brix as brix value. It 
must be understood that these Java studies are based on the nonsugat 
composition which is substantially different in other cane producing 
eras The canesugar products investigated by THEME and the Java 
Camere ay 

g periment Station had a nonsugar composition approximately as 
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follows: sulfated ash °%, true nonsugars (true solids — sucrose) 23-27%, 
reducing sugars 37-43%, organic nonsugars 30-40%. 

The tables on supersaturation and boiling house studies used in Java 
publications must always be considered with this nonsugar composition 
in mind. For other countries and for other nonsugar compositions these 
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Fig. 9/15. Relationship for cane juices of brix, temperature in °C and purity for the super- 
saturation of 1.20, according to THIEME. 


tables must be verified and perhaps be adjusted because the solubility of 
sucrose which the saturation tables stand for is determined especially for 
products of lower purities by the nonsugar composition. 

Just as the solubility tables for the beetsugar industry in Chapter 12 
taken from the fundamental studies by Grut have no applicability for cane- 
sugar products, so it is also possible that the Java tables must be revised 
for other cane areas or special mills where an abnormal nonsugar compo- 
sition exists. 

In Figs. 9/14 and 9/15, we give the Java tables, for saturated cane juices, 
the relationship between refractometric brix, purity and temperature in 
°C, and a similar graph for the supersaturation at 1.20. 
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TABLE 5 


° 
CONCENTRATION IN °BRIX, PURITY, AND TEMPERATURE IN C FOR SATURATED CANESUGAR 











PRODUCTS 
Temp. Purity 
AG 92 90 88 86 84 82 80 78 76 

61 75.4 hs yGh 76.0 [oe 76.6 76.8 77.1 Tia 77.8 
62 75.6 75.9 76.2 76.5 76.7 77.0 Tie 77.6 78.0 
63 75.8 76.1 76.4 76.6 76.9 hee filbos. 120 78.2 
64 76.0 76.3 76.5 76.8 Tid 77.4 bbad 78.0 78.4 
65 Ore 76.5 76.7 77.0 Ti 77.6 77.9 78.2 78.6 
66 76.4 76.6 Tad rip: ies 77.8 78.1 78.4 78.7 
67 76.6 76.9 ror ag | 77.4 eile 78.0 78.3 78.6 78.9 
68 76.8 laled Li 77.6 77.9 78.2 ffatle 78.8 79.1 
69 77.0 Tes: les 77.8 78.1 78.4 Tock 79.0 79.3 
70 Tied aes Mile 78.0 7833 78.6 78.9 19.2 79.5 
au 77.4 wait 77.9 78.2 78.5 78.8 79.0 79.3 79.6 
We! 77.6 77.9 78.1 78.4 ri 79.0 79.2 79.5 79.8 
Tis: 77.8 78.1 78.3 78.6 78.9 79.2 79.4 79.7 80.0 
74 78.0 78.3 78.5 78.8 79.1 79.4 79.6 79.9 80.2 
i 78.2 78.5 78.7 79.0 79.3 79.5 79.8 80.1 80.4 
76 78.4 78.7 78.9 79.2 79.5 79.7 80.0 80.3 80.6 
Ti) 78.7 78.9 79.1 79.4 79.7 79.9 80.2 80.5 80.8 
78 78.9 79.1 19.3 79.6 79.9 80.1 80.4 80.7 81.0 
79 Tks 79.3 79.5 79.8 80.1 80.4 80.6 80.9 81.2 
80 79.3 79.5 79.7 80.0 80.3 80.5 80.8 Sis 81.4 


ee 


The Java data published by Tureme and verified by the Java Sugar Ex- 
periment Station were for the Java sugar industry a reliable foundation 
to determine the supersaturation during the boiling process. 

It is customary to use Tables 5,6,7,8,9 and 10 by determining the refracto- 
metric brix, as a sugar refractometer is calibrated directly in °sucrose of 
“brix, and to express the concentration of the solution tested per 100 water. 
For instance, a sugar solution of a purity 78 at 63° C has a refractometric 
brix of 82.5. What is the supersaturation of this solution? 82.5 brix equals 
471 brix per 100 water. According to the tables the saturation brix at 78 
purity and 63° C is 77.8, corresponding with 350 brix per 100 water. The 

, wa ead 
supersaturation of this solution is 350 pi es 

These are the values reported in boiling house studies and crystallization 
experiments. 
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TABLE 5 (conrinNueED) 


: ° 
SONCENTRATION IN BRIX, PURITY, AND TEMPERATURE IN °C FOR SATURATED CANESUGAR 














PRODUCTS. 

Temp. Purity 

PC 74 72 70 68 66 64 62 60 58 
11 78.2 78.5 foe Tae 79.6 ree) 80.3 80.6 80.9 
92 78.3 78.7 79.0 19 79.7 80.1 80.4 80.8 81.1 
93 78.5 78.9 79.2 79.6 19:9 80.3 80.6 81.0 81.3 
4 78.7 79.0 79.4 TERE 80.1 80.4 80.8 81.1 81.4 
5 78.9 79.3 79.6 hh) 80.2 80.6 80.9 81.3 81.6 
6 chs 79.4 oon 80.1 80.4 80.8 81.1 81.4 81.7 
7 pee 79.6 9 80.3 80.6 80.9 81.3 81.6 81.9 
8 79.4 79.8 80.1 80.4 80.8 81.1 81.5 81.8 82.1 
9) 79.6 pe 80.3 80.6 80.9 - 81.3 81.6 81.9 82.2 
0 79.8 80.1 80.5 80.8 81.1 81.4 81.7 82.1 82.4 
gl 80.0 80.3 80.6 80.9 81.3 81.6 82.0 82.3 82.6 
iD 80.2 80.5 80.8 81.1 BLS 81.8 82.1 82.4 82.7 
3 80.3 80.7 81.0 81.3 81.7 82.0 82.3 82.6 82.9 
14 80.5 80.9 81.2 81.5 81.8 82.2 82.5 82.8 83.1 
5 80.7 81.1 81.4 81.7 82.0 82.3 82.7 83.0 83.3 
6 80.9 81.2 81.6 81.9 82.2 82.5 82.8 83.1 83.4 
el 81.1 81.4 81.8 82.1 82.4 82.7 83.0 83.3 83.6 
8 81.3 81.6 81.9 82.2 82.6 82.9 83.2 83.5 83.8 
by 51> 81.8 82.1 82.4 82.7 83.0 83.4 83.7 83.9 
30 81.7 82.0 82.3 82.6 82.9 83.2 83.5 83.8 84.1 





14. Technical Control Instrument for Conductivity Control 


[he apparatus for conductivity control consists of a transformer to reduce 
he AC voltage of the factory to a low voltage that can vary between 4 and 
30 V, an mA recording or indicating meter with a range of 0-100 mA and 
nternal resistance of approximately 100 Q, and a set of electrodes inserted 
in the vacuum pan and located in such a way that the crystallizing masse- 
suite flows uninterrupted between the electrodes without interference of 
vapor bubbles enabling the conductivity of the massecuite to be actually 
measured. 

The first technically complete apparatus for conductivity control was 
constructed in Hengelo, the Netherlands, by the HEEMAF (Hengelosche 
Blectrische en Mechanische Apparatenfabriek). In Figs. 9/16 and 9/17 we 
give a picture of this apparatus as it has been installed in many sugar pro- 
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TABLE 5 (CONTINUED) 


° 
CONCENTRATION IN “BRIX, PURITY, AND TEMPERATURE IN C FOR SATURATED CANESUGAR 








PRODUCTS. 
Temp. Purity 
°C 56 54 52 50 48 46 44 42 40 

61 81.3 81.6 81.9 82.3 82.7 83.0 83.4 83.8 84.2 
62 81.4 81.7 82.1 82.4 82.8 83.2 83.5 83.9 84.3 
63 81.6 81.9 82.2 82.6 83.0 83.3 83.7 84.0 84.5 
64 81.7 82.1 82.4 82.7 83.1 83.5 83.8 84.2 84.6 
65 ou 82.2 82.5 82.9 83.3 83.6 84.0 84.3 84.7 
66 82.0 82.4 C277 83.0 83.4 83.8 84.1 84.5 84.9 
67 82.2 82.5 82.9 S12 83.6 83.9 84.3 84.6 85.1 
68 82.4 82.7 83.0 83.4 83.7 84.1 84.4 84.8 85.2 
69 82.5 82.8 83.2 oh es] 83.8 84.2 84.6 84.9 85.3 
70 82.7 83.0 83.3 83.7 84.1 84.4 84.7 85.1 85.4 
71 82.9 83.2 83.5 83.8 84.2 84.5 84.9 85.2 85.6 
te 83.0 Baio 83.7 84.0 84.3 84.7 85.0 85.4 85.7 
73 83.2 83.5 83.8 84.1 84.5 84.8 85.2 85.5 85.9 
74 83.4 83.7 84.0 84.3 84.6 85.0 85.3 85.6 86.0 
i be 83.6 83.9 84.1 84.5 84.8 85.1 85.5 85.8 86.1 
76 83.7 84.0 84.3 84.6 85.0 85.3 85.6 So 86.3 
a 83.9 84.2 84.5 84.8 85.1 85.4 85.8 86.1 86.4 
78 84.1 84.4 84.7 85.0 85.3 85.6 8529 86.2 86.5 
79 84.2 84.5 84.8 Sol 85.4 85.7 86.0 86.3 86.7 
80 84.4 84.7 85.0 85.3 85.6 85.9 86.2 86.5 86.8 


eee 


ducing areas and beetsugar factories as well as canesugar factories and 
refineries. 

This instrument has also been made by other equipment manufacturing 
companies. The total number of conductivity control instruments installed 
over the whole world is approximately 800. 


15. The Evaporating Surface in Vacuum Pans 


The evaporating or heating surface in vacuum pans is usually expressed in 
sq. ft or sq. m. The capacity of this heat transfer area is usually expressed in 
the amount of vapor or steam conducted pet hour which is usually conside- 
red equal to the amount of water evaporated from the massecuite. 

The evaporation rate of massecuites is variable during the boiling process 
depending on the volume of massecuite in the pan and the system of 
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TABLE 6 


12} ) 
CONCENTRATION IN BRIX, PURITY, AND TEMPERATURE IN °C FOR SUPERSATURATED SUGAR 


SOLUTIONS WITH A SUPERSATURATION OF 1.20. 








Temp. Purity 

Cc ne 90 88 86 84 82 80 78 76 
61 78.6 78.9 79.1 79.4 re P 199 80.2 80.5 80.8 
62 78.8 ses | (ER) 79.6 79.8 80.1 80.4 80.7 81.0 
63 79.0 79.2 rE KS 79.8 80.0 80.3 80.5 80.8 81.1 
64 yon 79.4 197 pees, 80.2 80.4 80.7 81.0 81.3 
65 79.4 79.6 79.8 80.1 80.4 80.6 80.9 81.2 81.5 
56 79.5 72-5 80.0 80.3 80.5 80.7 81.0 81.3 81.6 
67 79.7 79.9 80.2 80.5 80.8 81.0 81.2 81.5 81.8 
68 (eh 80.1 80.4 80.6 80.9 81.1 81.4 81.7 82.0 
69 80.1 80.3 80.5 80.8 81.0 81.3 81.5 81.8 82.1 
70 80.2 80.5 80.7 81.0 81.2 81.5 81.7 82.0 82.3 
71 80.4 80.7 80.9 81.2 81.4 81.6 81.9 82.2 82.5 
12 80.6 80.8 81.1 81.3 81.6 81.8 82.1 82.3 82.6 
73 80.8 81.0 81.3 81.5 81.8 82.0 82.2 82.5 82.8 
74 81.0 81.2 81.5 81.7 81.9 82.2 82.4 82.7 83.0 
15 81.2 81.4 81.6 81.9 82.1 82.4 82.6 82.9 83.1 
76 81.4 81.6 81.8 82.1 82.3 82.5 82.7 83.0 Be ae 
17 81.5 81.8 82.0 82.2 82.5 82.7 82.9 83.2 83.5 
78 81.7 82.0 82.2 82.4 82.6 82.9 83.1 83.4 83.7 
19 81.9 82.1 82.4 82.6 82.8 Goet 83.3 83.6 83.8 
30 82.1 S23 82.6 82.8 83.0 83.3 83.5 83.7 84.0 





boiling. The evaporation rate or steam consumption of many vacuum pans 
has been measured via recording water meters built in the condensate line. 
We found the following data for the evaporation rate per sq.m. surface foracoil 
pan using exhaust steam with a pressure of 1.3 to 1.4 kg/cm? abs. (Table 7). 


TABLE 7 


CONDENSATION CAPACITY IN LITERS OF CONDENSATE/M2/H IN COIL PAN FOR A-MASSECUITE 
(puRITY 86). (VAPOR PRESSURE 1.31.4 KG/CM? ABS) 
ee 


Concentrating syrup of 60 brix to saturation 70-120 
Feeding with magma and maturing of seed 58-70 
Boiling of strike from footing to final massecuite volume 47-58 
Finishing of strike during last 20 min of boiling 23-47 


ee ee 
It can be observed that the evaporation rate decreases with an increase 
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TABLE 6 (CONTINUED) 


° 
CONCENTRATION IN °BRIX, PURITY, AND TEMPERATURE IN C FOR SUPERSATURATED SUGAR 


SOLUTIONS WITH A SUPERSATURATION OF 1.20. 


ee EeTTTET ETI ESTITEE send 





mp. Purity 

as A 74 72 70 68 66 64 62 60 58 

61 81.1 81.4 81.7 82.0 82.4 82.7 83.0 83.3 83.6 
62 81.3 81.6 81.9 82.2 82.5 82.8 83.2 83.5 83.8 
63 81.4 81.7 82.0 82.4 82.7 83.0 83.3 83.6 83.9 
64 81.6 81.9 82.2 82.5 82.8 83.2 83.5 83.8 84.0 
65 81.8 82.1 82.4 82.7 83.0 83.3 83.6 83.9 84.2 
66 81.9 82.2 82.5 82.8 83.1 83.5 83.8 84.1 84.4 
67 82.1 82.4 82.7 83.0 83.3 83.6 83.9 84.2 84.5 
68 82.3 82.6 82.9 83.2 83.5 83.8 84.0 84.3 84.6 
69 82.4 82.7 83.0 83.3 83.6 83.9 84.2 84.5 84.8 
70 82.6 82.9 83.2 83.5 83.8 84.1 84.4 84.6 84.9 
Tia 82.8 83.1 83.3 83.6 83.9 84.2 84.5 84.8 85.1 
72 82.9 83.2 83.5 83.8 84.1 84.4 84.7 84.9 85.2 
73 83.1 83.4 83.7 84.0 84.3 84.5 84.8 85.1 85.4 
74 83.3 83.5 83.8 84.1 84.4 84.7 85.0 85.3 85.5 
73 83.4 83.7 84.0 84.3 84.6 84.9 85.1 85.4 85.6 
76 83.6 83.9 84.1 84.4 84.7 85.0 85.3 85.6 85.8 
TAL 83.8 84.0 84.3 84.6 84.9 85.2 85.4 85.7 85.9 
78 84.0 84.2 84.5 84.8 85.1 85.3 85.6 85.9 86.1 
79 84.1 84.4 84.6 84.9 85.2 85.5 85.7 86.0 86.3 
80 84.3 84.5 84.8 85.1 85.4 85.6 85.9 86.2 86.4 





of the concentration of the massecuite and with the height of the massecuite 
in the pan. 

In a 7-coil pan the evaporation rate of the individual pans was determined 
during the last phase of the boiling process when the whole pan reached its 
final net volume of massecuite giving the following data: 

TABLE 8 


CONDENSATION CAPACITY IN LITERS OF CONDENSATE/M2/H FOR DIFFERENT COILS IN COIL 
PAN DURING LAST 20 MINUTES OF BOILING 


Lowest coil (bottom coil) 23 
2nd coil 25 
3rd coil 33 
4th coil 44 
5th coil 38* 
6th coil 55 
7th coil (upper coil) 61 


* Imperfect functioning of removal of non-condensable gases. 


Bibliography p. 370 


(5 EVAPORATING SURFACE IN VACUUM PANS 365 


TABLE 6 (conrINvuED) 


4 ° 
SONCENTRATION IN BRIX, PURITY, AND TEMPERATURE IN °C FOR SUPERSATURATED SUGAR 


SOLUTIONS WITH A SUPERSATURATION OF 1.20. 


= 





Temp. Purity 
eC 56 54 52 50 48 46 44 42 40 

1 83.9 84.2 84.5 84.8 85.1 85.4 85.7 86.1 86.5 
2 84.1 84.4 84.6 84.9 85.2 85.5 85.9 86.2 86.6 
3 84.2 84.5 84.8 85.1 85.4 85.7 86.0 86.3 86.8 
14 84.3 84.6 84.9 85.2 85.5 85.8 86.1 86.4 86.9 
5 84.5 84.8 85.0 85.3 85.6 85.9 86.4 86.6 87.0 
6 84.6 84.9 85.2 85.5 85.8 86.1 86.4 86.7 87.1 
7 84.8 85.0 85.3 85.6 85.9 86.2 86.5 86.8 87.2 
8 84.9 85.2 85.5 85.7 86.0 86.3 86.6 86.9 87.3 
9) 85.1 85.3 85.6 85.9 86.2 86.5 86.8 87.1 87.4 
0 85.2 85.5 85.7 86.0 86.3 86.6 86.9 87.2 87.6 
‘1 85.4 85.6 85.9 86.2 86.4 86.7 87.0 87.3 87.7 
ef 85.5 85.8 86.0 86.3 86.6 86.9 87.2 87.5 87.8 
‘] 85.6 85.9 86.2 86.4 86.7 87.0 87.3 87.6 87.9 
‘4 85.8 86.0 86.3 86.5 86.8 87.1 87.4 87.7 88.0 
5 85.9 86.2 86.4 86.7 87.0 87.3 87.6 87.8 88.1 
6 86.1 86.3 86.6 86.8 87.1 87.4 87.7 88.0 88.3 
7 86.2 86.5 86.7 87.0 87.2 87.5 87.8 88.1 88.4 
8 86.4 86.7 86.9 87.1 87.4 87.7 87.9 88.2 88.5 
9 86.5 86.7 87.0 87.2 Siao 87.8 88.1 88.4 88.6 
0 86.7 86.9 87.2 87.4 87.7 88.0 88.2 88.5 88.7 


[he rate of evaporation in the individual coils varies considerably with the 
leight of the coil in the pan. 

In old-fashioned pans constructed with a so-called double bottom and 
isable for evaporation, it was found that the double bottom in vacuum pans 
inder no condition was giving a higher evaporation rate than 30 1/m?/h 
vith a steam pressure of 1.5 kg/cm? abs. The average value found was 
pproximately 12 1/m2/h. A part of the formed condensate will undoubtedly 
esult from the loss of heat via radiation of the bottom. The contribution 
ff the double bottom to evaporation in vacuum pans is according to our 
pinion negligible. 


16. Technological Investigations on the Crystallization Process 


Technological studies on the crystallization process under factory condi- 
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tions are rather complicated and time-consuming. If it is the intention of 
the factory staff to make such special investigations, which are of great 
educational value to the factory staff, it is necessary that a chemist or technol- 
ogist be able to devote full time to this study and be assisted by someone 
to collect samples, to make the necessary analyses and to record the essential 





ee 


Fig. 9/16. Conductivity control instrument as manufactured by Heremar, Hengelo 
Holland. , 


ee 9/17. Inside view of the conductivity control instrument as manufactured by 
eee Holland, showing the voltage regulator, the voltage stabilizer and 
the electrodes to be mounted in the pan for measuring the conductivity. 


data for the history of a complete boiling. This study can practically never 
include the determination of all essential data without recording instruments. 
Regarding the pan and the boiling process in this pan the following must 
be recorded: 

(a) Temperature of the massecuite. It is recommendable to make two 
temperature determinations, one of the massecuite below the heating 
elements before entering the tubes of the calandria, the second temperature 
of the massecuite 40 to 50 cm above the calandria. 
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(b) Pressure of the vapor or steam entering the calandria. 

(c) Vacuum during the boiling process. 

(d) Electrical conductivity of the massecuite with the electrodes set in 
the bottom of the pan but at a distance from the pan wall of at least 4”. 


During the crystallization process the following must be recorded: 

(a) Manipulations of the pan boiler as to feeding the pan; manipulations 
of the feed valves; volume of materials fed to the pan. 

(b) Adjustments of the vapor or steam inlet valve. 

(c) Volume of massecuite in the pan. 

(d) Special manipulations as intake of water in the pan. 

(e) The exact times when a pan is charged and discharged as well as the 
times for the beginning and end of the different phases of the crystallization 
Drocess. 

(£) Periodic samples of the massecuite must be taken for analysis on the 
refractometric brix of the mother liquor and periodically larger samples 
to be centrifuged in a laboratory centrifugal to determine the purity of the 
mother liquor to calculate the crystal content of the massecuite. 

(g) Samples must be taken for the complete analysis of the raw materials 
used in the crystallization experiment and of the finished strike with 
centrifuging a part of this sample of the massecuite to determine the crystal 
yield via the analysis of the molasses and massecuite. 

It is possible by such a systematic investigation to discover the imper- 
fections in the used crystallization technique, respectively imperfections in 
the existing operational conditions as far as vapor pressure, regularity of 
vacuum, tate of evaporation, etc. are concerned. 

Our experience is that in many sugar factories it is possible to increase 
substantially the capacity of a vacuum pan only by improvements in the 
operational conditions. The two most important factors for efficient pan 
performances afe a constant pressure of the steam, continuous feeding of 
pans to maintain a constant evaporation rate in the pans, and a constant 
but adjustable vacuum. 

Many arguments in the sugar industry regarding too small capacity of a 
pan station for which a solution is found in installing more units, show 
that after a thorough investigation of the crystallization process there is 
no justification whatever to increase the number of pans. The simplest 
and most economic solution must be found primarily in an absolute control 
of operational conditions. In Table 9, we give an example of the boiling 
of an A-massecuite of a purity of 82 boiled by the master boiler of a Java 
sugar factory in an old-fashioned small coil pan of 140 hl. As magma 
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a mixture of C-sugar and syrup was used. The boiling started with the 
master boiler feeding the pan with 50 hl concentrated syrup. After that 
15 hl of magma was introduced resulting that the master boiler had esti- 
mated the saturation of the syrup in the pan inaccurately causing nearly 
all the C-sugar to be dissolved. The footing should have been concentrated 
to a higher degree of saturation, after which a second 15 hl of magma is 
introduced. The supersaturation was calculated via refractometric brix using 


TABLE 9 


RECORDED DATA OF BOILING A-MASSECUITE ON A FOOTING OF SYRUP AND C-SUGAR 
MAGMA IN A COIL PAN. PURITY OF MASSECUITE 84 








Crystal 
Time him Vac. iene: Cond. Massec. rice ae sa pe peep tet of 
hl cm Hg °C mA brix re osha He pan boiler 
Omin. O 69 105 Intake of syrup, con- 
centrated, feeding 15 hl 
C-sugar magma. 
5min. 65 69.5 48.6 100 Intake magma finished. 
10 min. OFA eh Oe es oO 0 
18min. 60 68.6 90 Second intake of 15 hl 


C-sugar magma (C- 
sugar size 0.3 mm 
linear). 

20min. 75 68.8 52.0 80 79.0 76.0 12.5 1.00 End of magma intake, 


concentrating, no feed- 


ing of pan. 
30 min. 69.5 49.8 65 
40 min. 62.0 7252, 0a Ons (85,2. «705 eles eee 
50 min. G30) 55:85 Gi 
Lh: 67.5 58.0 58 79.0 - 
1h. 10 min. 07.003 59.0 8 = oe 
1h.20min. 64 67.5 59.6 51 89.2 79.4 47.5 1.09 Started feeding of pan 


with syrup, continu- 
ous feeding. 


1 h. 30 min. 68.2 57.0 59 

1h. 40 min. 68.0 57.7 59 

1h.50min. 83 68.0 57.5 62 89.5 80.0 47.5 1.08 
pave 68.0 57.5 61 

2h. 10 min. 68.0 57.6 61 

2 h. 20 min. 67.2 59.0 58 89.8 805 477 1.12 
2h. 30 min. 67,47 59,0. e556 

2 h. 40 min. 67.4 58.4 57 

2 h. 50 min. 67.4 58.4 56 

3h. 67.6 58.8 54 90.2 79.6 52.0 1.04 
3h. 10 min. 135 68.2 57.4 53 End of feeding of pan 


with syrup; finishing of 
strike by intake of 
movement water. 
3h. 20 min. 130 68.8 57.0 50 91.0 79.0 57.0 1.02 Strike finished and dis- 
charged from pan to 
crystallizer (grain size 
0.9 mm linear). 


Es Ch 
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he saturation tables by TurEME given in the preceding paragraph as Table 6. 

In Fig. 9/18 we have represented graphically the history of this boiling. 
‘he recorded temperature is the temperature measured above the heating 
lements. This gives us the lowest supersaturation value of the massecuite. 
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ig. 9/18. Complete recording of operational conditions of the crystallization of an 
A-boiling in a cane sugar factory (Table 9). 


hese studies have been made with all kinds of boiling and pans of 
arious designs.!° They have given us the foundation for the recommended 
4n construction as outlined in the preceding paragraphs and the guiding 
rinciples for the different phases of the crystallization process. They show 
s the practical results which can be obtained under the best operational 
ynditions realizable in every modern sugar factory today. 
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CHAPTER 10 


EVAPORATION AND CIRCULATION IN THE 
CRYSTALLIZATION PROCESS 


R. C. L. Boswortu 
Lssociate Professor of Physical Chemistry, N.S.W. University of Technology, 
rmerly of the Research Department, The Colonial Sugar Refining Company Ltd., 
Sydney, IN.S.W. (Australia) 


1. Introduction 


he object of the crystallization process is to grow crystals from a sugar 
lution from which water is simultaneously removed by evaporation. 
his process is one step more complicated than evaporation in an effect. 
1 the process of crystallization, there occurs simultaneously transfer of 
ass and heat between three interacting phases. Often the rate of evapora- 
on has to be controlled to fit the rate of crystallization. While the possible 
mit of allowable temperature differentials is fairly wide —- we must, of 
ourse, avoid using so high a temperature as to burn the material — the 
sable range of supersaturation is much narrower. If the supersaturation 
raised too high, new crystal nuclei appear and this leads to the establish- 
lent of false grain. If, on the other hand, the solution became locally 
nsaturated, the crystals there commence to dissolve and the resultant 
‘osion of the surface has serious effects. Attainment of the correct control 
f the supersaturation is complicated by the fact that at a given concen- 
ation, the degree of supersaturation falls with rising temperature. A pan 
ay exhibit a fairly uniform concentration but any local hot spot due to 
uggish movement or high local heat transfer rates may give rise to a 
cally unsaturated patch. Rapid and even flow of heat to the vapor and from 
le growing sucrose crystals gives rise to small temperature and super- 
turation differentials. Both these differences may be reduced by circulation 
f the fluid which process tends to bring new liquid into contact with the 
rowing crystal faces and with the heating surface. The former type of 
sntact tends to increase the rate of crystallization by reducing the thickness 
f the stagnant layer around each crystal face. The latter type tends to in- 
ease the rate of heat transfer by correspondingly reducing the thickness 
f the stagnant layer around the heating surface. 
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The complicated kinetic changes going on inside an evaporator and 
crystallizer may perhaps best be summarized by postulating the occurrence 
of three simultaneous and inter-acting processes, namely: 

(1) the flow of heat and mass to the vapor bubbles; 

(2) the flow of mass to, and heat from, the surfaces of the growing 
crystals; 

(3) the mechanical movement or circulation of the fluid parts of the 
assembly with the associated tendency to sweep along small solid particles, 
i.e. the crystals, with the fluid. 

Each one of these flow processes may be regarded as taking place at a 
definite rate determined jointly by an externally maintained driving force 
for that process and an internal resistance opposing the driving forces. 


2. Effective Driving Forces 


The driving force for a heat flow is always a temperature difference. The 
property which acts as the driving force for a mass flow is a little more 
difficult to define although easy definitions are possible in certain special 
cases. Thus for mass transport in gaseous systems the pressure — or in the 
case of transport of one particular chemical substance through others, the 
partial pressure — is the measure of the driving force. In homogeneous 
liquid systems the concentration may be used as a measure of the driving 
force. In systems involving two chemical phases, e.g. solid — liquid or liquid - 
vapor; neither the concentration nor the partial pressure is an appropriate 
measure. We may, however, use such properties as the difference in partial 
pressure in the gas phase and that partial pressure which is in equilibrium 
with the concentration attained in the liquid phase; or the difference between 
the concentration in the liquid phase and the concentration in equilibrium 
with the same component in the other phase. This departure in the measure 
of some appropriate property in one phase from the state of equilibrium 


with the other phase is measured by the thermodynamical property known 
as the activity. 


(a) Evaporation 


In the process of evaporation heat is transferred from the heating surface 
to the liquid while vapor molecules are transferred from the liquid solution 
to growing bubbles. 

For a liquid solution maintained at a constant pressure and concentration, 
the boiling point remains constant. Consequently heat flowing into the 
liquid will produce gtowing and expanding bubbles of vapor while the 
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emperature remains constant. Consequently the driving force for heat 
low is the temperature excess of the heated surface over and above the 
local) boiling point of the liquid. This temperature difference will be less 
han the temperature excess of the steam supplied to heating coils or 
calandria over that of the boiling point by the amount of the temperature 
drop across the steam-side film and the walls of the heating surface. 

The driving force for the mass transfer of water vapor from syrup to 
yrowing bubbles is measured by the difference in the thermodynamical 
wctivity of water in the syrup and vapor phase respectively. 


(b) Crystallization 


[his process is accompanied both by the transference of mass to the 
srowing crystal surface and the liberation of the heat of crystallization at 
that surface. The factor controlling the rate of crystallization is the degree 
of supersaturation or more accurately the difference in thermodynamical 
activity between the sucrose actually in solution and that in equilibrium 
with the solid surface — 7.e. that at the saturation concentration. The super- 
saturation, or ratio of the actual concentration to the saturation concen- 
tration, varies with both the concentration and the temperature. In parti- 
cular the effective degree of supersaturation may be less near the crystal 
surface than in the bulk of liquid even under iso-thermal conditions. When 
the crystal is growing steadily sucrose molecules are flowing in a steady 
stream from the bulk of the liquid to the crystal surface. This steady flow 
causes a depletion of the solution in the immediate vicinity of the crystal 
faces. The concentration of the solution near the crystal can only be main- 
tained by diffusion of sucrose molecules from more distant parts of the 
solution and is thus less near the crystal faces than in the bulk of the liquid. 
This deficiency in the solution concentration near the crystal face becomes 
the more pronounced the faster the crystal grows. 

There is also another factor which adversely affects the supersaturation 
near the face of a growing crystal. The formation of crystal involves the 
evolution of heat. Some figures for the heat of crystallization, which is 
equal and opposite to the heat of solution, have been collected by Lye! 
who shows that the heat of crystallization may amount to 2}% of the latent 
heat for the evaporation of steam. 

This heat liberated at the crystal surface by the act of crystallization tends 
to raise the local temperature and thus further to decrease the local super- 


saturation. 
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(c) Circulation 


Circulation in the pan, unless maintained by mechanical drive, is the result 
of the hydrostatic head difference produced by the difference in density 
between the ascending heated foam of liquor and vapor bubbles produced 
by the heating surface and the cooler descending column of liquor from 
which those bubbles have escaped. 

The immediate cause of circulation is this hydrostatic head difference. 
The head difference in turn is the result of the feeding of heat into one part 
of the pan and not into another. However, there are other ways of increasing 
the hydrostatic head difference. Rate of circulation for example may be in- 
creased by injecting live steam below the lowest heating surface. Frrz- 
WILLIAM and YEARWOoD? have advocated this method of steam injection 
for increasing pan circulation claiming that the escaping bubbles of steam, 
by expanding as they rise through the heated zone, produce a severe stirring 
effect. 

The use of mechanical fans or paddles to increase circulation has been 
advocated by Wepre* 4 who introduced a single motor-driven screw 
impeller at the bottom of the vessel to augment natural circulation. He 
claims improved control with this instrument. However, not all authorities 
on sugar technology have agreed with the claim that natural circulation, in a 
properly designed vacuum pan, is inadequate. The WEBRE impeller cer- 
tainly consumes considerable power. 


3. Effective Resistances 


The various driving forces tending to produce a flow of heat, chemical 
matter and mechanical circulation are opposed by resistances due to the 
internal structure and properties of the assemblies concerned. A knowledge 
of these resistances will permit an estimate of the flow rates produced by a 
given driving force. 

A characteristic of the systems involved in evaporation and crystalliza- 
tion, and one indeed common to many chemical engineering operations, is 
that the different flow processes are interconnected, or coupled, so that a 
change in the flow of any one process produces a modification of the resis- 
tances associated with the flow of the other processes. The theoretical 
treatment of systems of this nature is still in its infancy. A review of such 
Progress as has been made will be found in ref. 5. 
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(a) Evaporation 


fhe resistance per unit area to the process of heat flow is the reciprocal of 
he liquid side film coefficient. The liquid side film coefficient may be in- 
reased, and the resistance decreased, by any of the factors which decrease 
he thickness of the stagnant film around the heated surfaces. Prominent 
mong these factors are the overall temperature difference and the velocity 
f circulation. 

If Z is taken as the latent heat of evaporation of water at the operating 
emperature then for every Z units of heat which pass through the heating 
utface into the massecuite one unit of water vapor must pass from the 
quid to the gaseous phase. Heat flow and mass flow in evaporation are 
hus coupled in the sense indicated above and, furthermore, coupled in a 
articularly rigid manner. Any mechanism which suppresses the formation 
f vapor must necessarily also suppress the flow of heat into the liquid. 
‘his can only be done by reducing the effective driving force for heat 
ow, 7.e. by increasing the temperature of the zone of liquid in immediate 
ontact with the heating surface. Any suppression of vapor formation thus 
esults in superheating of the massecuite near the heating coils or calandria. 


(b) Crystallization 


‘here are at least three important factors which limit the rate at which a 
rystal can grow when placed in a solution of known driving force for mass 
-ansfer to the crystal surface — /.e. in a solution of known supersaturation. 
‘hese three factors correspond to three separate resistances opposing the 
rowth of crystals. In turn they are: 

(x) The factors limiting the rate of growth of crystal when molecules of 
acrose are supplied to the surface at an ample rate. 

(8) The fact that the act of building up the crystal will rob the solution 
1 its immediate vicinity of solute (or sucrose) molecules. This depletion 
f the solution can only be made good by diffusion so that a film of lower 
oncentration is built up around the growing crystal. 

(7) The heat of crystallization liberated at the crystal surface tends to 
icrease the temperature of the film so that its degree of supersaturation 
lls even more than its concentration. Transport of heat is the only factor 
thich can oppose this raising of the film temperature. 

Resistance factors («) are those associated with the intrinsic rate of growth 
f sucrose in pure solutions kept particularly well stirred. As such these 
.ctors have been treated in Chapter 4. 
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Resistance factors () are determined by the thickness of the stagnant 
layer around the growing crystal and by the rate of diffusion of sucrose 
through that layer. This rate of diffusion, in turn, is inversely correlated 
with the viscosity of the liquid in the stagnant layer. The presence of im- 
purities in solution may adversely affect the rate of diffusion and increase 
the resistance to crystal growth so that the rate of crystallization for a 
given degree of supersaturation may be much lower in an impure than in 
a pure solution. Impurities in solution not only get in the way and thus 
impede the diffusion of sucrose molecules but also their presence may in- 
crease the thickness of the film of low concentration around the crystal 
faces. This effect may be particularly pronounced if the impurities are of 
such a nature as to increase the viscosity of the solution. A number of autho- 
tities, prominent among them CoatsrapD‘, have suggested that the surface 
activity of impurities also plays a dominant role in this respect. Such a 
property, he claims, permits the impurity to compete with sucrose mole- 
cules for space on the growing crystal face. A general review of the rates 
of crystal growth in low grade massecuites has been given by McGinnis, 
Moore and Atston’. 

Resistance factor () represents a process of the flow of heat which is 
coupled to the flow of mass. Any restriction to the flow of heat will produce 
an unfavorable change in the effective degree of supersaturation at the 
crystal face while any factor which increases the rate of removal of heat 
from the crystal face will increase the rate of growth of the crystal. 


(c) Circulation 


The resistance offered to circulation is of a purely mechanical nature and is 
perhaps relatively easier to discuss than the resistances offered to heat and 
mass flow in evaporation and crystallization. The two factors concerned in 
determining the resistance to circulation are the drag produced by the shape 
and nature of the pan’ and the viscosity of the massecuite to be treated. 

The path of the circulating massecuite in the pan is necessarily obstructed 
by the heating surfaces, whether in the form of coils or calandria, by feed 
pipes and any control instruments. To understand the nature of resistance 
to circulation it is first necessary to make clear that the moving massecuite 
necessarily travels in a closed circuit, ascending past the heating surface 
and descending (for all pans of normal construction) in the central well. 
The hydraulic resistance, which is to be made a minimum for most effective 
Operation, is the sum of the resistances experienced in the up-current and 
that experienced in the down-current. With the exception of the small 
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amount of water which is evaporated at the surface, the measure of the 
total up-current (in, say, gallons/sec) must be the same as the measure of 
the total down-current. If the free cross sectional area of the down-current 
(in the well) is, say, only one quarter of that of the up-current, then it 
necessarily follows that the velocity of movement in the down-current is 
four times that of the up-current. In order that the velocity of the down- 
current should be the same as that of the up-current it is necessary that the 
sectional area of the well should be the same as the free sectional area of the 
(outer)ascending zone. The ratio 


projected free area between the heating surface 





area of well 


has been called by SmrrH® the circulation ratio and, as seen by the argument 
above, is a measure of the relative velocities in the well and in the up-stream. 
He claimed that this factor is vital to the final circulation rate attained in the 
pan as indeed it must as it affects the overall resistance to circulation. 
Generally speaking however unit circulation ratios or conditions of 
equal velocity in the well and ascending zone should not be the aim of the 
pan designer for the reason that there are far more obstructions in the outer 
zone. The frictional resistance exerted by these obstructions is directly 
proportional to the average wetted perimeter with which the moving 
section of liquid is in contact. If we wish therefore to equalize the hydraulic 
resistances of the up- and down-streams — this indeed is the condition that 
the sum of the two resistances should be a minimum — we arrange that the 


ratio 
sectional area 





average wetted perimeter 


should be the same in the up- and down-streams. The ratio above is equiva- 


lent to 
volume of zone 





total area of obstructions to that zone 


in which the denominator includes the area of interaction between the up- 
and down-streams as well as the outer wall area. 

For a pan of any given heating surface area consideration of the ratios 
above will permit a selection of the optimum well diameter. As a general 
rule most old pans in the sugar industry are underdesigned in this respect. 

WADDELL? who considers that a circulation ratio of 8 or 9 should com- 
pensate for the higher skin resistance of the heating coils, has concluded 
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that the centre wells of most pans are still far too small. He also has adduced 
evidence to show that there is often a large annular zone of interference 
between the up- and down-currents. This, he suggested, could be elimi- 
nated by the use of a thin walled bafle. He makes no mention, however, 
of how he would propose to adjust the wall for different heights of masse- 
cuite in the pan. 

WADDELL? also has comments to pass on the proper position of feed pipes. 
Fresh liquor fed into a pan is of lower density than the material already 
present and therefore feed can be used to augment natural convection if 
supplied immediately below the heating surface. WADDELL has suggested a 
perforated ring or star under the coils or calandria rather than a single 
pipe in the well. This latter indeed is a particularly poor arrangement as it 
tends to produce hydrostatic effects opposing natural circulation. 

Ample circulation no matter how derived, produces a number of very 
desirable effects. 

(x) It increases the heat transfer rate by augmenting natural convection 
with a system of forced convection. 

(6) It reduces the temperature difference which might otherwise occur 
in the pan. This is effected by lifting bubble nuclei as soon as they are formed 
to regions in the pan where the hydrostatic pressure is lower and in which 
therefore boiling may take place. 

(y) Rapid circulation too gives a minimum risk of local undersaturations. 
Regions of incipient local low concentration or high temperature are rapidly 
mixed with other regions. 

(5) A reasonably rapid circulation rate is also essential for the purposes 
of keeping the sugar crystals in suspension. Being slightly denser than the 
saturated sugar solution crystals would tend to settle out in a true static 
mass and the settled crystals would simply tend to grow together as an 
agglomerate. The individually suspended crystals carried by the circulatory 
stream are given every opportunity to grow evenly in all directions. 


4. The Effect of Temperature on Crystallization and 
Circulation 


The overall temperature difference which provides the effective driving 
force for evaporation and circulation is equal to the difference between the 
temperature of the steam and the boiling point of the massecuite, or tem- 
perature of the pan. If, as is usually the case, exhaust steam at a constant 
Pressure is used to provide the heat source the second factor, namely the 
temperature of the pan, controls the rate of evaporation. The temperature 
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of the pan may be adjusted by adjusting the pressure. Such a change could 
affect the rate of evaporation in two ways: 

(1) A fall in pressure, or increase in vacuum, lowers the boiling point 
and thus leads to an increased temperature differential and so to an increased 
heat transfer rate. 

(2) At the same time, however, the lower boiling point of itself produces 
an increase in the thermal resistance resulting in a lower heat transfer rate 
for a given temperature differential. 

The cause of the lower heat transfer coefficient at low temperatures 
appears to be connected with the higher viscosity at those temperatures 
but there are other causes which are not well defined. 

However, the net result of lowering the pressure on the massecuite is to 
produce some increase in the heat transfer rate but considerably less than 
that expected from the increased temperature differential. It is generally 
preferable, if an increased heat transfer rate is required, to work at the 
highest possible temperature but this may give rise to some destruction 
of reducing sugars. As a compromise, it has been claimed by Dirmar 
JAnssE?° that a boiling temperature in the range of 65°-70° C is preferable. 

A relatively high boiling point has another advantage. It reduces the 
effect of the hydrostatic head on the boiling point. In a tall column of liquid 
the pressure on the surface is equal to the pressure in the vapor phase 
above the surface. The pressure at any point below the surface is neces- 
sarily greater than the pressure in the vapor phase. At a point distance z 
below the surface of the liquid each unit side has to support, in addition 
to the pressure of the vapor, a load of p gx units of force per unit area, 
where p is the density of the liquid and g the acceleration due to gravity. 
If we denote by p the pressure at a depth z and py the pressure in the vapor, 
then 

P= Po 1 Pee 


When p, is relatively low, i.e. when we are dealing with a reasonably low 
vacuum, the change in pressure with change in depth may be an appreciable 
fraction of, or even much greater than, the pressure py. Roughly, 10” of 
sugar liquor increases the hydrostatic pressure by the equivalent of 1” 
mercury (absolute). 

Now the boiling point of a liquid varies with the pressure. If a column 
of liquid is maintained strictly at a uniform temperature then, if the liquid 
is at the boiling point on the surface, it must necessarily be below the boiling 
points at all points below the surface. In other words, the boiling point of 
a column of liquid increases with the depth. Since there is a logarithmic 
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relation between boiling point and pressure the change in the boiling point 
with depth will be the more serious, the larger the change in log p with 
depth, i.e. the larger the change in log (py + 9 gx) with x. This change will, 
of course, be greatest when py takes its lowest value. In other words, the 
change in boiling point with depth is greatest at the highest vacuum. The 
boiling point of a saturated sugar solution for example increases by 1.2° C 
for each ft. increase in the depth at atmospheric pressure. At a 20” vacuum 
the increase in boiling point is 2° C per ft., at a 25” vacuum it is 5° C per 
ft. and at a 28” vacuum it is 11° C per ft. 

Consequently if we are evaporating at a relatively high vacuum and mate- 
rial is raised to the boiling point at, say, 2 ft. below the surface that parti- 
cular volume of material would be very seriously superheated if suddenly 
conveyed to the surface. Even in the case of a gradual transport to the sur- 
face a very considerable degree of flash evaporation must take place if the 
material is to maintain thermal equilibrium between the liquid and the 
vapor phases. 

When a massecuite in a vacuum pan is circulating vigorously there is 
not much evidence that temperature differences as severe as those indicated 
above are experienced. Hontc1!, for example, claims that under good con- 
ditions the vertical temperature differences should not exceed 2° C. How- 
ever, there is some evidence that the temperature in the well is appreciably 
lower than that immediately above the coils or calandria. Indeed it is this 
temperature difference which ultimately provides the driving force for 
circulatory motion. ' 


5. Measurements of Pan Circulation 


Various methods have from time to time been proposed for the measure- 
ment of the circulation occurring within a vacuum pan. The heat trans- 
mission recorder, it will be recalled from Chapter 8, gave a reading of a 
temperature difference which depends in principle on the rate at which 
the heated liquid mass is flowing past a body maintained at a temperature 
either higher or lower than the liquid itself. 

A direct method of measuring circulation was first described by Hontc#! 
and his associates and is generally referred to as the Java method. It uses 
two pairs of electrodes one vertically above the other. Each pair is connected 
to a bridge circuit for the measurement of electrolytic conductivity. From 
time to time the passage of bubbles or local irregularities in the massecuite 
causes a slight disturbance to the value of the electrolytic resistance between 
a pair of electrodes. By noting the difference in the time of arrival of a dis- 
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urbance at the two pairs a direct measure of the time taken to travel a 
own distance was obtained. From this measurement, of course, could 
e calculated the velocity of movement of the irregularity which may or 
nay not be quite the same thing as the velocity of the massecuite itself. 
[here is some evidence for example that a bubble rising in a massecuite — 
atticularly a large bubble, would travel faster than the massecuite itself. 
towever, much less ambiguous readings may be obtained by introducing a 
ighter fluid (say water) to the pan and timing the arrival of the resultant 
listurbance to the conductivity at the two different electrodes. This Java 
nethod of measuring the rate of circulation has also been used by SmirH® 
n his study on the relation between the rate of circulation and the circula- 
ion ratio and certain other factors connected with the design of pans. 

An extension of the Java method has been described by DEDEK and 
iruBy!?, They inserted five pairs of electrodes in different parts of the pan 
nd took a series of consecutive readings obtaining thereby simultaneous 
neasurements of the circulation rates at different points. They concluded 
hat the most intensive circulation occurred at or near the surface and that 
he rate of movement decreased with increasing depth until in the deepest 
art of the pan the motion was so sluggish as to be incapable of keeping 
tystals in suspension. In some respects this finding is markedly at variance 
vith that of the author and his associates and which will be treated in the 
ollowing section. 

WesrE!? has given a method for estimating the average rate of circulation 
rom the measured rate of evaporation assuming a state of equilibrium 
Yetween the massecuite and the vapor phase at the top of the heating coils 
1 calandria. This assumption may not, however, always be justified and 
VEBRE’s method may be little better than an inspired guess. 

The method which has been exploited by Boswortu ef a/.14, 1° involves 
he use of the principle of the hot-wire anemometer. This method measures 
he rate of heat loss from a standard hot surface at different points 
n the pan and correlates this heat transmission data with the speed 
f the flow of material over the heated wire. Since the essential metering 
nstrument is small and portable it permits the measurement, almost 
imultaneously, of circulation rates at a whole number of different 
joints within the pan and as such is a method for obtaining not only the 
irculation rate but also the whole pattern of circulation currents. As such 
he instrument will be treated in the following section. For the moment 
his particular section will be concluded with a discussion of other possible 
nethods which have not necessarily yet been tried for the measurement of 


an circulation. 
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A review of the methods available for the measurement of fluid flow has 
been given by Bosworru!®, Not all the classes of instrument described 
could conceivably be modified for use in an enclosed space but some are 
worthy of attention. None, for example, of the classes of displacement, 
head, area, or head-area type of meter are suitable for modification for the 
purposes of measuring pan circulation. On the other hand, the class of 
impact meters, of which the cup anemometer and the pitot tube are typical 
examples could, at least in principle, be usable within an enclosed space, 
The severe erosion to be expected from the moving sharp angular crystals 
might, however, be a seriously limiting factor. 

Among the thermal flowmeters are listed the hot-wire anemometer and 
the THomas meter. The former has already been adopted to the measure- 
ment of pan circulation. The latter is potentially useable and is perhaps 
worthy of a moment’s attention. 

The THomas flowmeter consists in a heat source placed symmetrically 
between two thermometers, one up-stream and one down-stream from the 
heat source. When the liquid is at rest the reading of the two thermometers 
will be equal because both will receive the same amount of heat from the 
source. When the liquid is moving, however, it will carry heat, by forced 
convection, preferentially to the down-stream thermometer which will then 
give a higher reading than the up-stream one. The faster the flow rate, the 
larger will be this temperature difference. The THomas meter thus measures 
both the speed and direction of the current and in this respect has distinct 
advantages over the hot-wire anemometer. Indeed by increasing the number 
of the thermometers to four, placed respectively at the four corners of a 
regular tetrahedron surrounding the hot body, it would be possible to get 
a complete measure of the magnitude and direction of flow in three-dimen- 
sional space. For work in an enclosed space the thermometers would be 
replaced by thermocouples or thermisters. 

The last type of flowmeter mentioned is the chemical flowmeter where 
a contaminant is added at some point in the line and the time of picking 
up this contaminant at some point down-stream is noted. The Java method 


is essentially an application of the chemical flowmeter to the measurement 
of pan circulation. 


6. Measurement of the Circulation Pattern 


The flowmeters based on the principle of the hot-wire anemometer to which 
reference was made in the previous section, differ from the usual form of 
such instruments in that the temperature of the electrically heated wire of 
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urface is measured by a thermocouple for which one junction is welded 
o the hot surface and the other junction placed in the fluid a short distance 
way. The thermocouple then gives a measurement of the temperature 
lifference between the hot body and its surroundings for any given elec- 
tical heat input. The more customary form of the hot-wire anemometer 
ises the resistance of the heating element itself to measure the temperature. 
[he behavior of such an instrument would be quite unsteady if immersed 
n a fluid (such as a vacuum pan massecuite) which is subject to a fluctuating 
emperature and this was the primary reason for the adopting of the thermo- 
ouple type. 

The first arrangement used has already been illustrated in Fig. 8/2 of 
chapter 8 (p. 308). It consisted of a short length (about 1”) of electrical 
esistance wire, of 23 S.W. gauge. To the centre of the wire was welded a 
ine thermocouple of 32 S.W. gauge for measuring the temperature differ- 
nce between the wire and its surroundings. The heat input to the wire 
nd thus the rate of heat loss to the surrounding massecuite was propor- 
ional to the square of the heating current J. If @ is the temperature rise 
roduced by this current, the heat transfer coefficient is proportional to 
2/0. This factor has been found both by measurement and in theory to be 
ractically independent of the composition and purity of the syrup in which 
he wire is immersed, and to increase steadily when the velocity of flow 
yver the wire is increased. 

Before use the instrument was calibrated by immersing in a trough of 
lowing syrup and the variation of /?/0 with change in the velocity of flow 
Y was recorded. A large number of measurements showed that the change 
n /?/§ was proportional to 


p9-6 


nd was independent of the direction in which the flow over the wire took 
lace. 

When calibrated, the instrument mounted on an electrically insulating 
lug was screwed into a long cold-drawn steel tube which was passed 
hrough a gland in the wall of the pan under investigation. By sliding the 
ipe through the gland the flowmeter could be used to measure the velocity 
yf flow at any point on a traverse across the pan. 

To take a series of readings under working conditions the current / 
was adjusted to give a reasonable value of 0 (as measured by a galvano- 
neter connected to the thermocouple). The instrument was then pushed 
cross the pan and drawn back again, taking readings of 0 at intervals 
lepending on the degree of detail in the circulatory pattern required. The 
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results measured in the first instance as readings of § and J were transformed 
to the form of /2/0 and then compared with the calibration curve of the 
instrument. | 

Preliminary experience with a number of hot-wire elements of this nature 
showed that these instruments had ample sensitivity even when used with 
the type of robust galvanometer suitable on a factory floor. However, the 
instruments showed two faults which were at least a source of annoyance 
to the operators. In continued factory use the hot wire junction tended to 
catch fibres which built up a tight knot around the heated surface and tended 
to change its calibration. It proved indeed necessary to remove the instru- 
ment from the pan at least once a day and to clean the hot wire. 

In addition the instrument was unnecessarily quick acting. A few weeks 
experience rapidly showed that the whole pattern of circulation in a vacuum 
pan is subject to a continual state of flux. These fluctuations are particularly 
intense in certain pans and no sensible sort of reading of the velocity is 
possible unless there is some smoothing of the more rapid fluctuations. To 
meet this situation an indirectly heated hot-surface instrument was devised. 
The first type is also illustrated in Fig. 8/2 of Chapter 8 (p. 308). 

In the indirectly heated instrument an electrical heating coil heats an 
insulated metal capsule. The capsule is of thin walled monel metal some 2” 
long by 3/8” diameter. Monel metal has a high thermal e.m.f. relative to 
copper so that the hot junction could be made by welding internally a 
copper lead to the head of the capsule. This copper lead was electrically 
insulated from the heater. The cold junction was constructed by brazing 
a monel metal — copper thermocouple to the lower part of the capsule, 
the monel arm being connected to the capsule and the copper arm to a 
copper lead. 

In this instrument the internal hot junction cannot catch any fibres; the 
cold junction may do so but this does not affect the calibration. Again the 
large monel sheath and its insulated internal heater has a relatively high 
thermal capacity. The instrument therefore satisfactorily smooths out the 
effect of rapidly fluctuating circulation. The sensitivity under operating 
conditions similar to those of the hot-wire instrument is a little less than 
that of the latter but is still ample for practical purposes. 

The hot capsule instrument described above has been mounted on a 
long steel tube and used in the same way as the hot wire instrument to 
explore the circulation pattern in a number of vacuum pans in a series of 
factories. The instrument exhibited one failing associated with its high 
thermal capacity. It took a comparatively long time, sometimes up to five 
minutes, to settle down to equilibrium after movement into a new position. 
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Fig. 10/2. Cathode ray oscillograph. 


It therefore took quite a long time to get adequate readings to give the fine 
detail of the circulation pattern in a traverse across a pan. Indeed there 
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was evidence in several instances that the overall flow pattern had changed 
quite considerably while the readings were taken. 

It appeared that there is only one real way of eliminating this difficulty, 
that is to mount a number of similar instruments in semipermanent positions 
so that these may come to thermal equilibrium with their surroundings, 
Then simple electrical switching will give a rapid successive series of 
readings at the different fixed points. 

For purposes of mounting a multiple array of hot surface instruments on 
a common structure the capsule type was modified and made smaller. A 
diagram of the components and of the completed instrument has already 
been given in Fig. 8/3 of Chapter 8 (p. 309). 

An array of 36 flowmeters of this type having thermal characteristics 
identical to within 5% are shown in Fig. 10/1 mounted at regular intervals 
along an 8’6” length of 2” seamless steel tubing. The wiring to the heaters 
and thermocouples of each instrument is carried through the pipe and 
leads to the multi point junction boxes shown. The response from the 
thermocouples was passed through a chopper-amplifier and used to actuate 
a cathode ray oscillograph which, in effect, could be caused to draw, for 
every rotation of the selector switch, a trace of the circulation pattern 
across the traverse made by the pipe. A representation of the cathode ray 
circuit and its ancillary equipment is given in Fig. 10/2. 


7. Circulation Patterns and their Interpretation 


The simplest form of circulation pattern obtained is illustrated in Fig. 10/3. 
This pattern was obtained from a coil pan boiling C massecuites and filled 
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Fig. 10/3. Meter at 1500 gallons, massecuite filled to 1900 gallons, conductivity 74. 


to the 1900 gallon mark while the fowmeter was inserted at the 1500 
gallon mark. The pattern consisted of two waves only, one reaching a peak 
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bout 2 ft. from the wall and the other about 9” from the centre of the well. 
since the instrument is not sensitive to direction the two peaks probably 
orrespond to the up- and down-streams respectively. 

When the same pan was examined at a later stage in the boiling operation, 
he rate of circulation had shown a considerable decrease, the pattern had 
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tig. 10/4. Meter at 1500 gallons, massecuite filled to 3200 gallons, conductivity 61-68. 


ecome sharper, pointing to more clearly defined zones of movement, and 
here was some tendency for the central stream to divide into two (see 
4ig. 10/4), a tendency which was much more marked in surveys taken in 
ther pans and at deeper depths. This tendency to bifurcate can only mean 
hat the down-stream in the well is tending to spread out and rejoin the up- 
urrent while still quite an appreciable distance from the bottom of the pan. 

Fig. 10/5 represents the pattern obtained in the same pan and with the 
ame massecuite, but examined at a higher (the 2800 gallon mark) level. 
tere movement in the centre is more pronounced and movement near the 
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‘ig. 10/5. Meter at 2800 gallons, massecuite filled to 3200 gallons, conductivity 69-76. 


dges of the pan consists in a series of maxima, probably the individual 
ip-currents arising from the different turns of the heating coil. . 
This pattern of ‘shadows of the coils’ was always more pronounced in 
ans boiling higher grade material. Fig. 10/6 is the record of a mill pan 
oiling B-massecuites. Fig. 10/7 of one boiling mill A-massecuites and 
‘ig. 10/8 two patterns of a pan boiling refinery massecuites. The two 
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patterns shown in Fig. 10/8 were obtained respectively 10 and 180 minutes 
after starting up the skip and illustrate the overall decrease in the circulation 
rate as the material becomes stiffer. Comparison of the magnitude of the 
circulation rates for the different grade of material may also be obtained by 
comparing the ordinates of Figs. 10/5, 10/6, 10/7 and 10/8. 
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Fig. 10/6. Meter at 2500 gallons, massecuite filled to 2700 gallons, conductivity 75. 
Fig. 10/7. Meter at 2300 gallons, massecuite filled to 2500-2800 gallons, conductivity 
73-74. 


Examples of flow patterns in which the general circulation appears to 
miss the central core are given in Figs. 10/9 and 10/10. Both refer to mill 
B-massecuites. In either instance the average overall circulation rate appears 
to be quite good but in Fig. 10/9 the down-stream has apparently com- 
pletely split into two at the level at which the flowmeter was inserted. 

Fig. 10/10 shows a still more extreme case. In this instance the flowmeter 
had been inserted at 1000 gallon mark in a pan boiling 3600 gallons. One 
notable peak only — indeed quite a pronounced one — was found some 
3 ft. from the wall. A reasonable interpretation of this diagram was that 
the flowmeter had passed through the heel of the system of convection 
currents and that the massecuite at the recorded peak was moving neither 
upwards or downward but over more or less horizontally from the well to 
the outer rising stream. Fig. 10/11 consists of data obtained at the same time 
as that of Fig. 10/10 but at a higher level (namely the 2000 gallon mark). 
In this instance the flow pattern seems reasonably normal although perhaps 
the well current is rather weak. The pan which gave the flow patterns re- 
presented by these two figures has long been tegarded by the operating mill 
staff as a poor circulator. The diagram makes the reason plain. The rate of 
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movement in the active part of the pan is not abnormally slow but there 
is apparently a considerable portion of the pan volume, particularly that 
at the bottom of the well which is outside the reach of the convection 
stream. 


The circulation pattern given by a calandria pan usually shows far less 
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Distance from centre in feet 
Fig. 10/8. Refinery massecuite. Fixed set of flowmeters inserted through the coils. 
— = 10 minutes after start-up; - - - - - = 180 minutes after start-up. 


detail than that of the coil pan. There is no notable change in the rate of 
movement in the different points on the traverse across the pan and no sharp 
line of demarkation between the well and the upcurrent. The two curves 
in Fig. 10/12 represent the results of a traverse made just across the top 
of the calandria, the upper curve was obtained when the massecuite was 
relatively light and the lower curve when it was heavy and the pan was full. 

As a result of a program of investigation with the hot surface type of 
flowmeter the following conclusions were obtained: 
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(1) The mean circulation rates for the different grades of mill massecuite 


are roughly 


A-massecuites .10 cm/sec 
AB-massecuites 8 cm/sec 
B-massecuites 4 cm/sec 
C-massecuites 2 cm/sec 
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Fig. 10/9. Meter at 1400 gallons, massecuite filled to 2400 gallons, conductivity 72-76. 


For refinery shipment massecuites a comparable figure is 20 cm/sec. 
Different pans do not show very great departures from these average 
figures, although certain points may show excessively high local rates of flow, 
up to 5 or 10 times the average rate. 
(2) There has been found no consistent evidence that pans suspected as 
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Fig. 10/10. Meter at 1000 gallons, massecuite filled to 3600 gallons. 
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being poor circulators from their mill performances show low average rates 
of flow. Indeed in some instances pans suspected of being poor circulators 
showed an average circulation rate which was high for the class of masse- 
suite boiled. 

(3) Suspected poor circulating pans do, however, show abnormalities 
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Fig. 10/11. Meter at 2000 gallons, massecuite filled to 2000-5000 gallons. 


which may indicate the origin of their inferior performances. In many 
instances such pans gave very different circulation patterns at the different 
levels, the rate usually being much less at the lower, and abnormally high in 
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Fig. 10/12. Meter at 2700 gallons. — = massecuite filled to 3200 gallons; - - - - - = masse- 
cuite filled to 6000 gallons. 


the upper levels. Such a state of affairs could be taken to indicate that the 
apparent high circulation is due to a swirling motion in the upper part of 
the pan. In many instances too it was noted that the down-stream divided 
between the 2000 and 1000 gallon mark. Such behavior of the circulation 
pattern strongly suggests the presence of a stagnant pocket at the bottom 
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of the well. In other instances too the outer flow pattern tended to pull 
away from the wall in the lower part of the pan. This again would indicate 
dead pockets near the walls in the localities indicated. 

The pattern for a pan with a particularly good performance, on the other 
hand, tends to maintain the same shape right through the different depths, 
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Fig. 10/13. — = Meter at 2100 gallons (curve C); ----- = meter at 3600 gallons 
(curve B); —--—-+— = meter at 6400 gallons (curve A). Massecuite at 7000 gallons, 


conductivity 72. 


The three curves shown in Fig. 10/13 refer to such a pan. This particular 
pan was boiling a mill C-massecuite when examined and circulation patterns 
were obtained at the 6400 gallon level (curve A), the 3600 gallon level 
(curve B) and the 2100 gallon level (curve C). Each curve reproduces the 
main features of the one below and there is no crowding together of the 
up and down streams in the lower part of the vessel. 

(4) The plot of the circulation rate versus the distance from the centre 
on a given traverse may show a number of peaks. There is usually a maximum 
at or near the centre due to the down-stream in the central well. If the central 
well is small and cramped, this maximum may be fairly sharp. A little 
further out from the centre there is usually a zone of interacting currents 
where the mean measured circulation rate is low. Further out again the 
up-stream is encountered. This up-stream may consist of one or more 
maxima, the pattern being frequently particularly complicated when the 
measurements are taken above the level of the heating coils. This pattern 
has been attributed to the influence of the individual coils of the heating 
surface. Calandria heating surfaces do not give this pattern of repeating 
maxima. 

(5) In all instances rates of circulation tend, as might have been expected, 
to decrease as the pans are heavied up. In some instances the decrease is 
particularly rapid and this may indicate that a suitably situated and designed 
flowmeter could be a valuable ancillary tool to the sugar boiler. The study 
of the placement of such instruments for satisfactory performance is a mattet 
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fequiring very careful consideration. In many instances the process of heavy- 
ng-up was accompanied not only by a decrease in the overall circulation 
rate, but also with a change in the shape of the circulation curve, often 
with a movement of the position of maxima away from the walls and the 
central core of the well. Placement of the measuring instruments in such a 
Dosition that the circulation pattern draws away from them at any particular 
stage in the boiling would mean that the reading of that instrument would 
become useless for control purpose at that stage. 
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CHAPTER 11 


NATURAL AND MECHANICAL CIRCULATION 
IN VACUUM PANS 
WITH 
PERFORMANCE DATA AND TESTS 


ALFRED L. WEBRE 
Merion, Pa. (U.S.A.) 


1. Circulation in Vacuum Pans 
(a) Lntroduction 


In sugar vacuum pans satisfactory circulation is the indispensable require- 
ment. It is brought about by the formation of vapor bubbles at the heating 
surface, which lighten the massecuite and make it rise. Designers take care 
So to arrange this heating surface as to leave a considerable open space in 
the centre for the passage of the liquid to the bottom for a new circuit 
after having liberated the vapors at the boiling level. 

The faster the rate of evaporation, the better the circulation; and without 
evaporation there would be little or no circulation. To facilitate the move- 
ment it is very important to provide smooth and easy passages with a 
minimum of impediments and obstructions, because the force available for 
producing motion of the heavy viscous massecuite is limited, and decreases 
as the level rises and the rate of evaporation dwindles down at the end of 
the operation. 


(b) Downtakes and Tubes of Calandria Pans 


Along these lines calandria pans as now built have downtakes sometimes 
as large as one-half the pan diameter, where a few years ago they were 
only one-fourth. Some pans even have deflectors to project the rising flow 
of massecuite away from the centre towards the shell, with the idea of 
preventing the mixing of the hotter stream in the outer periphery with the 
cooler material returning from the boiling surface, as this might interfere 
with the normal up and down currents. 

The old established standard of tubes 4” (101.6 mm) diam. has been 
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reviewed to determine if anything is to be gained by using other propor- 
tions. 5-Inch (127 mm) tubes have been tried, and whereas their use de- 
creases friction and provides freer circulation, the loss of heating surface 
is very considerable to the point of becoming prohibitive. At the other 
>xtreme, 3” (76.3 mm) tubes have been generally adopted in Puerto Rico 








Calandria 








Fig. 11/1. Suggested method of feeding vacuum pans with CLAASSEN system of steam 
injection. 


with fair success. One big advantage is that it is possible to install the same 
amount of heating surface in a calandria 3 ft. (0.915 m) high as in one 4 ft. 
1.220 m) high with 4” (101.6 mm) tubes, and this makes a much smaller 
footing for the strikes. On the other hand, with low purity massecuites 
of high viscosity poor results are obtained when the level exceeds 4 ft. 
(1.220 m) above the tube sheet. This difficulty can be overcome by the 
proper distribution of feed below the heating surface, accompanied by the 
use of the CLAASSEN system of feeding low pressure steam with the syrup 
or molasses into the pan (Fig. 11/1). This difficulty does not occur with high 
purity strikes, and does not exist where mechanical circulation is installed. 

Regarding the length of the tubes, there is no doubt that per sq.ft. 
(0.0928 sq.m) short tubes will give greater heat transmission. Some hold 
the opinion that it does not pay to use tubes longer than 36” (0.913 m), in 
spite of the reduced heating surface. Tests have been made on a pan so 
equipped in a sugar refinery, and the evidence obtained points to the cor- 
rectness of this premise. Certain it is that there would be less danger of 
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heat injury, and that the volumetric proportions would be more favorable, 
not to mention the saving of copper tubes. 


(c) Coil Pans 


In a number of sugar producing countries the old familiar coil pan is 
becoming obsolescent, very few being built compared to the number of 
new calandria pans installed. The principal objection is that they are more 
selective and peculiar as to the quality of steam or vapor to be used. In 
the ordinary sugar factory it is not possible to effect steam economies so 
necessary for fuel saving unless exhaust steam or juice vapors can be used 
to the fullest extent for pan operation. Another objection is the longer 
time required for their operation compared with the fast work of present 
day calandria pans. Upkeep and repairs required are higher, especially if 
‘tight’ boiling is carried on. 

It was formerly thought that calandria pans could never produce sugar 
of as good quality as coil pans. This assumption has been completely 
overruled by the collected practical experience, as it is now possible not 
only to produce sugar of excellent quality 
with vacuum pans of the calandria type, 
but the heat injury to the products is 
reduced due to lower steam temperatures. 

Nevertheless, there have been signi- 
ficant improvements in coil pan design, 
the most important of which is the use 
of tubes of elliptical cross section with 
their long axis ina vertical position (Fig. 
11/2). This gives a greater area between 
the tubes for free circulation, and good 
performances have been recorded. This 
design has found many applications in 
Australia. This revision of the old type 
pan hasenabledthemto operateonexhaust Fig. 11/2. Australian coil vacuum pan 


: 3 . with tubing of eliptical section, pro- 
steam by installing more heating surface. acing fant cioeiieee 





(d) Ring Type Calandrias 


The Granrzp6rFFer heating element (Fig. 11/3), known in America as the 
‘Ring Type Calandria’, undoubtedly offers a minimum of resistance to the 
passage of massecuite through it, and thus constitutes avery notable achieve- 
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1ent. As indicated by the sketch, it is made up of a succession of vertical 
nnular rings into which steam is fed. The upper parts of these rings are all 
t the same level, but below they extend down to conform more or less 
vith the shape of the bottom, so that the rings are not all of the same height 
9 avoid leaving a quantity of massecuite idle below them. There are in 













Ny 


fl 


‘ig. 11/3. Vacuum pan with GRANTZDORFFER type heating surface, made of concentric 
vertical rings, having minimum possible friction. 






eality two downtakes, one in the centre and an annular space between the 
utermost ring and the body of the pan. Generally speaking, the operation 
; with reduced pressure live steam, but by increasing the number of ring 
lements operation can be with exhaust steam. This, however, impairs 
he best feature of the design, which is the remarkably free open space 
etween the heating elements for the unobstructed passage of circulation 
vith minimum friction. 

This design has found extensive applications in the British sugar refineries, 
shere by its use it has become possible to operate the system of heavy 
oiling, completing the white sugar crystallization in three skips instead 
f the conventional four as a result of the greater pan yields, which attain 
s high as 65% against the current practice of around 50% or even less 
n syrup skips. The fillmass is dropped at about 95 brix, where the fluidity 
comes so reduced that the pan cannot be discharged without ample 
ushing with syrup from a previous skip of the same purity. Upon reaching 
he mixer, which is of very rugged construction, the brix is reduced to 
9-90, at which it is suitable for use in automatic centrifugals. 

It might be mentioned in passing that this pan does not produce sugar 
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crystals free of conglomerates, as has been accomplished by good calandria 
pans with mechanical circulation and the new controls described later in 
this chapter. 

(e) The Shape of the Bottom 


Usually the bottom of pans is made conical for the unimpaired discharge of 
the massecuite, being careful to leave enough clearance at the edge to permit 
the rolling of tubes. Since the first pans were all of the coil type, the deep 
cone has been inherited, and, with calandria pans, the objection of having 
a considerable volume of stagnant material is a problem. It has been found 
that for proper discharge the angle of the bottom need not exceed 20 degrees 
with the horizontal. The saucer type bottom, very shallow, was introduced 
as an improvement, and it is even streamlined with a conical projection up- 
wards. This has imposed the necessity of having the discharge valve off 
centre at the lowest point otherwise some massecuite would remain. Even 
now massecuite does remain, and that is the big objection. It is easily 
possible to go too far in reducing 
the capacity of the bottom, as this in- 
volves area restrictions which impair 
free passage of the massecuite from 
the downtake to the tubes. In some 
cases it has been necessary to install 
a ting between these shallow bottoms 
and the calandrias to overcome this 


trouble (Fig. 11/4). 


a ides 

















Dome and catchall 
not shown 


| 
Since circulation is produced by the 7% 


N] 
formation of vapor bubbles at the Sy 


heating surface, attention must be a 
given to the supply and distribution mele | 
of steam and the removal of the con- Fig. 11/4. Hawaiian vacuum pan with 
densation and non-condensable gases Sigua teen 
to obtain maximum and uniform heat transmission throughout, free of 
local inadequacies. 

Many patterns of steam distribution have been used in calandria pans, 
and the results have not always been satisfactory. 

One very simple way (Fig. 11/5) is to have an annular space around the 
calandria; omitting all baffles, entering ports and grids, admitting steam 









(£) The Steam Side of the Heating Surface 
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t two points tangentially. This offers a minimum of friction and a perfectly 
niform supply of heat to all parts around the periphery. The condensation 
nd gases have to be taken out from the centre, close to the downtake. 
‘here are no steam lanes in this system, and the tubes take up the entire 
rea between the shell and the downtake, except where some have been 
mitted near the centre for condensate drains and gas vents. 
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ig. 11/5. Calandria vacuum pan with annular steam space and twin tangential admission 


"he above design involves the cost of providing the annular space and 
as the disadvantage of having both the condensate drains and vent pipes 
nside the pan, where they are subject to severe strains during operation, 


nd hence involve considerable upkeep. 
Some late designs avoid the use of the annular space, making the shell 


f the calandria cylindrical (Fig. 11/6). To obtain proper distribution of 
team, a number of tubes are omitted in front of the one steam inlet, leaving 
| wedge-shaped open space which is enclosed with plate extending from 
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the upper to the lower tube sheet. This enclosure is provided with uni- 
formly distributed perforations whose total area is about equal to that of 
the steam inlet. Thus, the flow of steam is directed as wanted, preventing 


haphazard movement which might by-pass some of the tubes. The conden- 


sate is removed from the shell of the calandria on the outside through a 
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Fig. 11/6. New system of steam distribution, drainage of condensate and quadruple 
vents for calandria pans. 


proper outlet of ample area. The venting also is done from the outside by 
the use of four small connections on the shell slightly above the lower tube 
sheet and equally distributed radially so as to occupy perhaps 90 degrees of 
the periphery, this segment being directly opposite the steam inlet. 

When the pans are heated with juice vapors in the beet sugar industry, 
there will accumulate immediately below the upper tube sheet a layer of 
ammonia gas liberated from the beet juices being evaporated, and supple- 
mental vents must be provided at that point; otherwise, not only will the 
heat transmission be impaired, but the inside upper ends of the tubes will 
be attacked if they are made of copper. 

There are many other designs whose details are not given here. The 
appraisal of their value must be made on the basic principles outlined above. 
In some cases baffles or guides between the tubes have been provided for 
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Iriving the non-condensables to one point for removal. Theoretically this 
offers advantages, but it has not worked out very well in practice, certainly 
10t so well as the two designs above. 


(g) Floating Calandrias 


Many pans have been built with floating calandrias (Fig. 11/7) which consist 
of a cylindrical drum with tubes, suspended inside the pan near the bottom, 
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Fig. 11/7. Current type of floating calandria vacuum pan now obsolete. 


vith drains and vents. Here, circulation is up the tubes, radially towards 
he shell and down the annular space between the floating calandria and the 
s0dy of the pan. A central downtake is also provided, of small diameter. 
[his has developed to be a very inefficient design, which has given poot 
esults in crystallization of sugar, with the production of false grains and 
songlomerates. Some of these pans have two calandrias, superposed, and 
some even have inclined tube sheets, which necessitates the installation 
of tubes at right angle to the conical tube sheet, or the objectionable alter- 
yative of keeping the tubes vertical and rolling them at an angle. It is our 
»pinion that this system has little to offer over the less expensive and simpler 
standard design. 
(h) Supplemental Vents 


in view of the fact that most non-condensable gases (air and CO,) ate 
neavier than steam, and hence accumulate just above the layer of conden- 
sate on the lower tube sheet, it has often been possible to achieve consid- 
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erable improvements in performance by installing a gas-separating chamber 
in the condensate drains just after leaving the calandrias, with gas vents 
in their upper part discharging to the atmosphere. Apparently much of this 
gas is drawn into the drain pipes by the flow of condensate. This device 
not only clears the pipes, but removes a considerable quantity of gas which 
would otherwise remain in the calandria. 


(1) Low Fast is Natural Circulation? 


In Australia they have developed equipment by the use of which it has been 
possible to measure the velocity of circulation in massecuite boiling in a 
pan. The results of these investigations have been reported in the Proceedings 
of the Intern. Soc. of Sugar Cane Technologists. The objection is the compli- 
cation involved and the elaborate preparations needed to be able to make 
the observations. 

From our standpoint, the most important matter is not how fast the 
massecuite is moving, but how slowly. This occurs in the tubes or at the 
heating surface while heating and before boiling, and this phase exists 
during all strikes at all times, because when the massecuite comes in con- 
tact with the tubes in their submerged position the temperature is always 
below the boiling point. A simple way to make an estimate of the speed 
of circulation during the heating phase is the following. 

First, the rate of evaporation or 


steam consumption must be known 3 Calculated speed of 508 

i ; : ~ circulation for“C” strike > 
at regular intervals during the strike. = g 
Then, the pan must be equipped ': ‘a 
with two simple angle thermometers 8 308 
mounted one just below the calandria 2 2 
to get the temperature before enter- 3 202 
ing the tubes, and another slightly 2° 2 
above giving the temperature upon & ee 





leaving them. 


: Ont lero aes 
It is assumed that these two ther- Elapsed time in Satna : 


mometers give the rise in temperature. Fig. 11/8. Estimated speed of natural 


circulation in tubes of calandria pans 


The number of tubes, their diameter during the heating phase. 


and length are known, and hence the 

amount of evaporation in each tube. The heat is absorbed by the massecuite 
by the difference of temperature between the two thermometers. The 
weight per cubic foot is known from the brix, and the specific heat of the 
massecuite is also known. With these data it is not difficult to estimate with 
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ait accuracy the velocity in the tubes. A test made in Cuba on a well de- 
igned calandria pan gave the following results for a C-strike: (Fig. 11/8). 


First hour 1.52 ft./sec = 465.00 mm/sec 
Second hour 0.62  ft./sec = 189.40 mm/sec 
Third hour 0.15 ft./sec = 46.00 mm/sec 
Fourth hour 0.03 ft./sec = 9.17 mm/sec 
Fifth hour 0.015 ft./sec = 4.59 mm/sec 
Sixth hour 0.010 ft./sec = 3.05 mm/sec 


\t the beginning of the strike there is violent evaporation in the tubes, 
nd this has a pumping effect and increases the velocity; but towards the 
nd, when evaporation has dropped to almost nothing, there results 
tagnation, and not circulation. 


(j) Zemperature Conditions in Vacuum Pans 


[he matter of temperatures in vacuum pans must have careful consideration 
o see what influence this may have on performance, not only on the speed 
f operation, but also the possible damage which may accrue from condi- 
ions shown to exist. 

The point was made earlier that for circulation to take place without 
nechanical means, it is indispensable that evaporation takes place at the 
leating surface. This heating surface is always submerged, and the amount 
yf submergence increases as the level of the massecuite progresses to its 
timate height of 6 or 7 ft. (1.830 to 2.130 m) above the calandria. This 
neans that temperatures in the tubes must correspond to the reduced vac- 
um resulting from the weight of the superposed massecuite. 

To make this point clear, a graph (Fig. 11/9) has been prepared in which 
t is assumed that a C-strike is being made with material of 60 apparent 
yurity, and that supersaturation* is carried at 1.325, which corresponds more 
yr less to normal work. There are tables by the writer giving the boiling 
soint rise of massecuite at various purities and temperatures at saturation, 
nd at supersaturations of 1.25 and 1.40 representing the working limits 
f the operating zone. If supersaturation is allowed to reach 1.48, spon- 
ancous nucleation occurs. Not to complicate the situation excessively, it is 


* Supersaturation, as understood in this text, is the ratio of the amount of solids dissolved 
n the liquid per 100 parts of water to the amount of solids per 100 parts of water at 
aturation at a given purity and temperature, and is determined according to the data 
riven by EuGENE C. Giixett in his book Low Grade Sugar Cristallization, page 15, on the 


vasis of the boiling point rise. 
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assumed that the selected supersaturation of 1.325 will be invariably main- 


tained. 
Before arriving at this temperature graph preliminary information must 


be prepared. 
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Fig. 11/9. Temperature-pressure chart for 60 purity massecuite boiling in vacuum pans. 
(k) Boiling Point Rise for 60 Purity 


From the operating data sheets for vacuum pan control instruments by the 


writer, the accompanying chart (Fig. 11 /10) was plotted for an apparent 
purity of 60. The ordinates represent the boiling point rise from 15-32° F 
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nm the left hand side and from 8-18° C on the right. The abscissae give 
aassecuite temperatures from 120-240° F at the bottom and from 49-113° 
2 at the top. 

The lower straight line curve shows the b.p.rise at a saturation of 1.00. 
hen come two others for supersaturations of 1.25 and 1.40 enclosing 
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Fig. 11/10. Boiling point rise chart for 60 purity. 


he working zone. The line between these two represents the average at 
325. With this chart, it is possible to read off the b.p.rise at any boiling 
emperature within the range. If any point on the 1.325 curve is taken and 
line drawn horizontally to the right until it intersects the saturation line, 
yy dropping from this point to the base line below, there is obtained the 
emperature to which massecuite at a supersaturation of 1.325 must be 
1eated to revert to saturation. This feature will be used to determine the 
aturation points at various vacua, which will be plotted on the graph. 


(1) Hydrostatic Head Loss 


The second preliminary chart (Fig. 11/11) was prepared to show the in- 
-rease in the boiling temperature of massecuite as the submergence increases 
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from zero at the boiling level to the maximum depth probable in running a 
normal strike, taken at 12 ft. (3.650 m). Abscissae represent submergence in 
ft. at the lower scale and in mm at the upper one. The ordinates give the 
increase in boiling point rise in °F on the left and in °C on the right. Curves 
have been plotted for absolute pressures from 2” to 8” inclusive with metric 
equivalents, all based on a brix of a) Submergence inm | “a 
90, representing a specific gravity of 
1.48. At this density each foot of 
massecuite involves a loss of vacuum 
of 1.29 inches of mercury (32.8 mm.) 
It is true that towards the end of 
operation, when the final concentra- 
tion is given, the brix, and hence the 
specific gravity would also increase. 
This is of relatively short duration, and 
so, for avoidance of complications, 
the correction is omitted. 


























Hydrostatic head loss in °F 


(m) Botling Temperature Graph 



































The main boiling temperature graph 
(Fig. 11/9) was prepared for an appa- Submergence in ft 
rent purity of 60. It is the purity of Tashan Hydrostatic head temperature 
Ee liquor taancerermide ane oss for massecuite boiling in vacuum pans. 
b.p.tise, hence there will be a material deviation from our figures, because 
as suctose is crystallized from the mother liquor, its purity will gradually 
decrease until, at the end of the operation, it will be around 40-42. This 
means that the conditions revealed by this study are materially better than 
actuality. In many tests of C-strikes, the b.p. rises at the ends reach as high 
as 36° F (20° C), where the estimated maximum at the surface is only 
24° F (13.3° C). So the deviation at the end might reach 12° F higher (6.66° 
C). It would be uncertain to make an allowance for this in view of the un- 
determined fluctuations, so we will proceed on the basis of an unaltered 
purity of 60. 

Ordinates represent temperatures °F on the left and temperatures °C on 
the right. As abscissae there ate two scales on top, one giving absolute 
pressures in inches of mercury, and the other absolute pressures in milli- 
meters of mercury. The uppermost curve gives saturation vapor tempera- 
tures obtained from steam tables. The second curve below gives the boiling 
temperature of 60 apparent purity massecuite at saturation. The next gives 
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he boiling temperature at a supersaturation of 1.325, the standard operating 
lensity. 

To the temperatures indicated on the 1.325 supersaturation curve ate 
idded the temperature hydrostatic head losses corresponding to a submer- 
rence of 1 ft. (305 mm) for the various absolute pressures from 2” succes- 
ively to 8”, and this gives a new curve showing the boiling temperatures 
2” (305 mm) below the surface of the massecuite in the pan. 

In the same way similar curves are plotted for submergences of 2, 3, 
t, 5, 6, 7, 8, 9, 10, 11 and 12 ft., with metric equivalents. Another detail 
n the picture is the temperature at which massecuite would drop down to 
he saturation point at various vacua. This is obtained from the b.p. rise 
chart (Fig. 11/10), and is as follows: 


At 2” abs., saturation temperature is 164.5° F ( 73.6° C) 
At 3” abs., saturation temperature is 185.5° F ( 85.3° C) 
At 4” abs., saturation temperature is 215.0° F (101.6° C) 
At 5” abs., saturation temperature is 235.0° F (112.8° C) 


[he dotted line shows the curve. 

Finally, at the bottom of the graph are two horizontal lines representing 
he temperature of steam as it might be used in the calandria of the pan, 
yne for 5 lb. (0.35 kg), and the other for 10 lb. (0.70 kg), giving steam tem- 
yeratures of 227° F (108.3° C) and 240° F (115.5° C) respectively. These 
-an be used to study the A 7 as affected by the hydrostatic head. 


Interpretation 


[his graph sheds light on the elusive difficulties encountered in the satis- 
factory appraisal of the design and performance of vacuum pans. 

Technologists agree regarding the limited height above the heating sur- 
ace to which a strike of sugar can be carried with impunity, particularly 
—_massecuite which is the basis of the study. This depends upon the steam 
sressure and vacuum available, which determine the overall temperature 
lifference at the heating surface, from which must be subtracted both the 
9.p. tise and the hydrostatic head loss of temperature, leaving the residual 
\ T which makes the pan boil. 

The maximum height above the calandria has been taken at 6 ft. (1.820 m). 
With tubes of usual proportions, 4” (101.1 mm) diam. and 4 ft. (1.220 m) 
ong, a further note must be made. Since the temperature of the massecuite 


sassing through the downtake approaches that at the boiling surface, it 


will always be necessary to do a certain amount of heating before ebullition 
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occurs. It was shown previously how slow is the velocity of this massecuite 
as it enters the tubes, and hence at this point the heat transmission will be 
low, and this will take an appreciable part of the heating surface. The lower 
the level of the massecuite, the less heating and the more boiling there will | 
be; and the higher the level, the more heating and the less boiling. With 
turbulence incident to evaporation under vacuum, there will be violent 
motion in the tubes when the levels are low, and hence a much higher 
rate of heat transmission and evaporation. 

An example would be interesting. Assume that the C-strike is being 
made at 60 purity, with steam at 5 lb. (0.35 kg) and a vacuum of 4” (101.1 
mm) absolute. This corresponds to the third abscissa of the graph. The tem- 
perature at the boiling surface is 150° F(65.5° C). Upon reaching the bottom 
of the tubes of the calandria, the A T would be 227 — 150 = 77° F (42.7° 
C). If the massecuite were flush with the upper tube sheet, the b.p. here 
would be 150° F (65.5° C). At the bottom of the tubes, four feet below, 
with the corresponding submergence, it would be 182° F (83.3° C). How- 
ever, the massecuite would have to be heated to this point before boiling. 
It is evident from this that in every case there must be heating in the tubes 
before boiling can take place, and inefficient heating at that. 

The average of this temperature in passing through the tubes is 166° F 
(74.3° C) and the A T is 61° F (33.9° C). The other extreme would be when 
the massecuite is 6 ft. (1.830 m) above the calandria. In this case the boiling 
temperature at the bottom of the tubes would correspond to a submergence 
of 10 ft., giving 209° F (98.3° C), and at the top of the tubes it would 
correspond to a submergence of 6 ft. which gives 192.5° F (89.2° C). The 
average of the two is 200.7° F (93.7° C), so that the A J would be 227.0- 
200.7 = 26.3° F (14.6° C). In the other case, the average temperature of 
massecuite is 166° F and the A T would be 227 — 166 — 61° F (33.9% Ge 

If this massecuite actually boils at around 10° F above normal, not un- 
expected at high levels, the A 7 at the full strike will drop to 16.3° F (9.06° 
C), which is only 26°% of the high point. For that reason it is not abnormal 
to find the rate of evaporation at the end of a C-strike only one-quarter of 
what it was at the beginning, and even less with adverse conditions. 

This is certainly a sound argument in favor of the ‘low head’ pan in 
which the diameter of the liquor belt may be increased as much as 25%, 
which permits the strike to be made without having to go so high with 
the consequent loss of A 7, and hence speed of operation, not to mention 
other objections. In many cases, instead of being satisfied with this im- 


proved situation, the massecuite height of 6 ft. (1.830 m) is still retained 
and a larger strike is made. 


Bibliography p. 451-452 


CIRCULATION IN VACUUM PANS 409 


he dotted line is very interesting, and indicates that the point of un- 
ituration can be attained in a pan, wherein sucrose can redissolve into the 
lassecuite, raising the supersaturation when again lower temperatures are 
tained with danger of additional nucleation. It is interesting to note that 
lis situation is much worse with high than with low vacuum. 


(n) Temperature-Pressure Graphs for Refinery Strikes 


‘he graph (Fig. 11/12) is similar to the one just presented, but prepared 
>t a purity of 100 corresponding to white liquor strikes in refineries whose 
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Fig. 11/12. Temperature-pressure chart for 100 purity massecuite boiling in vacuum pans. 
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purities approximate 99.4, Here the effect of reduced purities as sucrose is 
crystallized out of solution is practically negligible, because the purity of 
the run-off would drop only to about 98.5, and this has a negligible effect 
on the b.p. rise. 

The first observable difference between the two graphs is that all temper- 
atures other than for steam and absolute pressure are materially lower, 
due to the smaller b.p. rise incident to high purity, thus giving a greater 
available A 7 for operation, and consequently a faster rate of evaporation 
from this source alone. 

A matter of special interest is the position and shape of the dotted satu- 
ration curve, which here acquires additional significance (Table 1); 





TABLE 1 
Absolute pressures Saturation temp. Submergence 
2” equal to 50.8 mm 143° Bed. tow Gl. 2.2 ft. eq. to 0.661 m 
3” equal to 76.2 mm 165° Ped; to.o. GC 3.8 ft. eq. to 1.162 m 
4” equal to 101.2 mm 180° eq/to, 82.2° G 5.6 ft. eq. to 1.712 @ 
5” equal to 127.2 mm IDLE eqnicr ces 7 7.2 ft. eq. to 2.200 m 
6” equal to 152.8 mm 202) Loe tO moe a” ( 9.1 ft. eq. to 2.780 m 
7” equal to 178.0 mm 212° F eq. to 100.0° C 11.1 ft. eq. to 3.390 m 
8” equal to 203.5 mm 220° F eq. to 104.5° C 13.0 ft. eq. to 3.970 m 
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In this pan the massecuite level at the maximum point was 6’0” (1.825 m) 
above the upper tube sheet, and the tubes were 32” (0.813 m) long, so that 
the maximum depth possible for submergence during the strike was 8'6” 
(2.590 m). 

Old time sugar boilers have always preferred to boil white sugar at low 
vacuum. One reason for this is the low viscosity of the fillmass. Another 
is that the crystals grow faster at higher temperatures. The graph indicates 
a third interesting reason, namely that at low vacuum, reversion to unsatu- 
tation is not possible. Since the maximum height of the massecuite is 
8’6” (2.590 m) at absolute pressures of 6” or more, unsaturation would 
never occur, and this probably has a marked influence on the presence 
or absence of false grains and conglomerates. The assumed supersaturation 
is 1.325, as before, and if during the making of the strike there are deviations, 
the saturation temperature will change also either up or down. 


(0) Significant Observed Fact on Pan T, emperatures 


In any calandria vacuum pan in operation equipped with a standard angle 
thermometer located 12 inches above the upper tube sheet, the observed 
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mperature at this point does not indicate that ebullition should be going 
n. It does boil, as evidenced by the considerable vibration when the proof 
ick is withdrawn to the mid-position. This situation has been checked 
NM many vacuum pans and the result is always the same. It seemed worth- 
rhile to investigate the point and throw more light on what goes on in 
acuum pans. 


(p) Pan Temperature Investigations 


he writer was given the opportunity to conduct an extensive series of 
ivestigations on the subject of pan temperatures at Centrals Boston and 
reston of the United Fruit Company in Cuba in 1930. A summary of the 
esults was presented before the Process Division of the American Society 
f Mechanical Engineers in 1934, and some of the data are included in the 
iscussion that follows. 

The work was limited to a determination of temperatures at the top of 
1e tubes, while other pertinent data were recorded for correlation. To make 
1e observations, the equipment shown on Fig. 11/13 was mounted on a 
2’0” vacuum pan having 5” No. 14 copper tubes 4 ft. long and a 72” 
owntake. First, a tube was selected as near the shell of the pan as possible, 
nd a ferrule was inserted into it extending vertically 6” above the tube sheet. 
‘hen, an accurately calibrated Clerget thermometer was selected giving 
eadings in tenths of °C and mounted in a proof stick made up of a 3/4" 










Massecuite 


Special 
ferrule 






Asbestos 
Slot for observation 


ig. 11/13. Experimental thermometer for reading local temperatures in tubes of calandria 
pans. 


rass pipe with the sensitive bulb sticking out of the end through a ls 
topper, closing the pipe against leakage. A slot was made in the 3/4 

ipe in the part projecting outside the pan, thus making it possible to take 
eadings. A 11/,” hole was tapped in the shell of the pan and a short piece 
f brass stock was screwed in. In the centre of this 11/,” plug was provided 
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a 3/4” plus clearance hole for the free passage of the proof stick with its 
thermometer. The hole in the pan was made exactly in line with the centre 
of the 5” tube prepared for observation. A hole was made in the ferrule, 
allowing the thermometer and its mount to pass freely, so that the sensitive 
bulb could be located at any desired position in the range. 


(i) Observation procedure 
An adjustable set collar with a set screw was fitted to the proof stick thermom- 
eter outside the pan with calibrated wooden blocks for insertion between 
the plug and the set collar, thus permitting the placing of the sensitive bulb 
of the thermometer at the three agreed points of observation: (1) in the 
centre of the tube, (2) at the inner periphery and (3) entirely outside the 
tube. The sensitive bulb of the thermometer was about 7/8” long, and thus 
it was impossible to record the temperature exactly at the centre of the tube 
or exactly at the inner periphery, which constituted unavoidable limitations. 
A standard procedure was used in making the observations in the three 
positions. In all cases the instrument was allowed to remain at each station 
two minutes, with readings every ten seconds, after which an interval of 
one minute was taken for making other observations on the pan, including 
the steam pressure, the temperature at the standard angle thermometer, 
and the height of the massecuite above the upper tube sheet, so that all 
this information could be correlated. The graphical log of the results is 
given (Fig. 11/14), and is worthy of careful consideration. 


(it) The results 

Thousands of temperature readings were made at the experimental thermom- 
eter, and whereas only one graph (Fig. 11 /14) is given here, a number of 
tests were made on other pans of different proportions and operating condi- 
tions, but all gave similar results, subject to the same interpretations. 

The readings of the experimental thermometer fluctuated wildly and were 
difficult to make. At the beginning, with low massecuite levels, vigorous 
boiling was going on in the tubes, and the temperatures at station 1 were 
consistently higher than at the other positions, but excessive turbulence 
made it hard to get fair readings. At this stage, the temperatures shown 
by the experimental thermometer at all stations were always higher than 
that at the pan angle thermometer against which it was checked. 

The maximum difference between the two instruments was about 7° C 
(12.6° F). The difference between adjacent stations of the experimental 
thermometer was not great, 1 or 2° C (3.6° F). This situation is due to the 
very turbulent condition in the tubes at the location of the thermometer, 
resulting in a fairly good mixture approaching uniform temperature. 
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Fig. 11/14. Local temperatures in tubes of calandria pans with natural circulation. 
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As the strike proceeds, the temperature at the inner periphery of the 
observed tube increases more and more, and that of the other two stations 
approaches that of the pan angle thermometer, actually equalling it towards 
the end of the strike. The maximum observed difference between the exper- 
imental thermometer at the inner periphery of the tube and at the centre 
is of the order of 17° C (30.6° F). Bearing in mind the instrument limitations, 
it is evident that this difference must be greater than observed; and it is 
the present interpretation that what determines this is the superposed hydro- 
static head of massecuite at the point and time of observation. See graph 
(Fig. 11/10). 

At the last reading the vacuum was 27.2” at sea level (683 mm) and the 
absolute pressure was 2.8” (71.1 mm), giving vapor temperatures of 111° F 
(44° C); while the angle thermometer showed 133.5° F (56.5° C), giving 
an apparent b.p. rise of 22.5° F (12.5° C). The purity was 60.0, and hence 
this seems subnormal by a considerable amount, even if this angle thermom- 
eter happened to be in contact with some of the unheated massecuite 
leaving the top of the tubes due to very slow evaporation at this stage. 
Actually, the height of the massecuite over the experimental thermometer 
was 76" (1.93 m). At the brix of 94 recorded, massecuite weighs 94 lb. 
per cu.ft. and this corresponds to a loss of vacuum due to hydrostatic head 
of 8.43” (214 mm). Adding the absolute pressure corresponding to the 
vacuum, we have at the experimental thermometer 11.3” (287 mm), and 
the vapor temperature corresponding to this is 166° F (74.5° C). Subtracting 
the pan vapor temperature from this gives 55° F (30.6° C) so that by 
adding this to the boiling temperature at the surface of the massecuite 
(estimated at 131.5° F (55.4° C) the probable boiling temperature at the 
experimental thermometer would be 186.5° F (85.8° C) instead of the 165° F 
(74° C) observed, a difference of 21.5° F (11.95° C) above the recorded one. 


(iii) Outstanding fact 

The outstanding fact established by the investigation is that the massecuite 
upon leaving the upper ends of the tubes of calandria pans is not uniformly 
heated at all. Local variations may reach as high as 50° F (31.2° C) at the 
end of the strikes, and possibly somewhat more inside near the top of the 


tubes. This variation will be much less when the height over the tubes is 
lower. 


(iv) What is the significance of this? 


There follows an appraisal of the significance of these facts and their influence 
on vacuum pan operation. 


What causes circulation in vacuum pans? When the level of the strike 
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; low, circulation is induced by the formation of vapor bubbles in the 
ubes of calandria pans or at the heating surfaces of others, thus reducing 
Ne specific gravity of the mixture of vapor bubbles and massecuite as 
gainst massecuite alone, free of bubbles in the downtake. The difference 
1 weight of these two columns causes upflow in the tubes and in the outer 
eriphery of the pan, and downflow in the downtake. This is circulation. 

It has been claimed that circulation takes place by convection due to the 
act that massecuite is hotter at the heating surface and above it than in the 
entre of the pan and the downtake, where there is no heating surface. It 
s hard to conceive of any force brought about purely by temperature differ- 
nces of the magnitude known to exist that would be adequate to cause 
ppreciable movement of the heavy viscous massecuite. It is easy enough 
o estimate the value of this force as a maximum. 

If the foregoing were true, then the maximum circulation would take 
lace at the end of the strike, when the levels are high, and this is not the 
ase. Taking a pan with massecuite 6 ft. (1830 mm) above the upper tube 
heet as an example, consider the following. 

The pan thermometer during the test above read 59° C (138.2° F). It 
s also known that the minimum temperature at the boiling surface was 
bout 55.2° C (131.5° F), since the vacuum was 27.3” when the observation 
yas made. The minimum temperature in the downtake on the average could 
1ot be less than that. The difference is therefore 6.7° F (3.71° ©). 

Assumed further that the change of temperature in the tubes is gradual 
hroughout their length, we can therefore say that we have two columns 
yf massecuite 8 ft. (2440 mm) high. The expansion due to this difference 
yf temperature is 0.39%. In other words, the difference in head between 
he two columns would be 0.39% of 8 ft., which is 0.0312 ft., or 0.374” as 
n absolute maximum. Actually through the tubes themselves it would 
sot be more than one-fourth of that figure. It is totally beyond the realm 
of possibility that such a small difference of pressure would have any effect 
vhatever on the movement of the thick viscous massecuite, and therefore 
he hypothesis must be completely abandoned. 


(q) The Real Mechanism of Natural Circulation 


It has been established above that massecuite, as it leaves the tubes of the 
pan on its way up, is not uniformly heated, but, on the contrary, contains 
many spots at different temperatures, the general average of which is 
roughly represented by the readings of the pan thermometer, the spread 
between the maxima and minima attaining the astonishing value of as 
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much as 50° F (27.8° C). As the mass proceeds upwards, even in the tubes 
themselves when these spots reach the level where the local vacuum as 
reduced by the hydrostatic head corresponds to the boiling temperature 
of the hot spot, a flash takes place with the release of a vapor bubble whose — 
size corresponds to the magnitude of the hot spot. The volumetric dis- 
placement resulting from this causes a sudden readjustment of position, 
permitting the vapor so liberated to come into contact with some of the 
cooler massecuite, when immediate condensation takes place. 

This procedure is repeated on the way up, gradually lowering the temper- 
ature of the hot spots by raising that of the cold spots, through these 
little explosions and condensations, ultimately attaining the general average 
temperature indicated by the pan thermometer. This average exists in 
uniformity at the level of uninterrupted ebullition, probably limited to a 
zone extending 12” below the surface of the massecuite in the pan. There 
is no doubt that this is the formula of natural circulation in vacuum pans, 
for whereas the individual displacements are small in volume and duration, 
they are infinite in number and extend from the tubes themselves to the 
top of the massecuite. As fast as one flash bubble condenses, another takes 
its place nearby. It can be seen that the weight of this vapor-charged, 
agitated massecuite in the outer periphery of the pan is lightened as com- 
pared with the downward moving central stream which is free from flash 
spots. 


Interesting Revelations 

It must be noted that these intense volumetric disturbances caused by the 
flash explosions in no way injure the operation of the pan. Quite the con- 
trary, they cause a continual rapid change of position of the sugar crystals 
in their surrounding molasses or syrup, thus permitting a more complete 
exhaustion. 

The high temperatures involve the danger of inversion and color in- 
crement, particularly in view of the presence in the molasses of considerable 
Propottions of heat-sensitive glucose. Another item is the fact that unsatu- 
ration may be reached in which sugar can redissolve into the molasses, 
thus raising its supersaturation, with the danger of provoking the formation 
of conglomerates and fines, not to mention a retardation of crystallization. 


(t) Conductivity of Massecuite 


Having our special equipment for making the observations, it was appro- 
pfiate to see what could be found out regarding the heat conductivity of 
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assecuite under operating conditions in vacuum pans. Whatever could 
> done would be on full scale under actual operating conditions, and would 
flect what might be expected with the handicap of high viscosity and 
yncentration regarding the transfer of heat. 

A standard C-strike was boiled until the level of the massecuite was 
ft. above the upper tube sheet. Then steam was shut off and vacuum 
ropped and the readings of the experimental thermometer were continued, 
ut this time using stations 1 and 2 only. The idea was to find out how long 
would take for the temperature at the inner periphery of the tube to 
jualize with that at the centre. As in the former test, the thermometer 
as kept at each station for two minutes, and readings were taken every 
n seconds. Fig. 11/15 shows the results, indicating that it would require 
‘least one hour for these temperatures to equalize. 
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ig. 11/15. Effect of viscosity on heat penetration through massecuite in tubes of calandria 
pans. 
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his must have considerable significance on performance. For one thing, 
is evident that until boiling takes place in the tube, the transfer of heat 
excessively slow, and there is a skin heating effect with the centre of the 
team unaffected. With this in mind, it is easy to reconcile the facts as 
1own in the graph of the previous test. Evidently, this condition obtains 
1 all vacuum pans, and if so, it calls for some remedy to overcome the 
ificulty — and this remedy is mechanical circulation. 
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2. The Rehabilitation of Mechanical Circulation 


(a) Lntroduction 


‘ 


The idea of mechanical circulation in vacuum pans is very old. There have 
been many designs tried all over the world and in almost every case the 
results have been disappointing, and their use has not been justified con- 
sidering the additional cost and complication. An outline of a few such 
designs is given below. 


(b) Old Circulators 


Probably the first circulator used in vacuum pans in the sugar industry 
was the original German Grosser apparatus, which consisted of a section 
of sctew conveyor installed in the downtake space of coil pans, overlapping 
the height of the coils and extending below near the discharge valve. The 


Dome, catchall and drive 
not shown 









Double helical 
screw element 








Fig. 11/16. Frerrac circulator in pan with floating calandria, 


idea was that by this arrangement forced circulation would be operative 
from the very beginning to the very end of the strike. This design was 
used in the beet sugar industry, and is no longer in service to our knowledge. 


It 1s now generally agreed that mechanical circulation is of little benefit in 
coil pans. 
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. more recent design, until lately built by the Car Co. of France, was 
nown as the FreiraG apparatus (Fig. 11/16). This also consisted of a 
segment of screw conveyor, projecting into the downtake of a floating 
alandria pan, and extending upwards to a point slightly below the masse- 
aite level. The diameter of the conveyor was about 25°% of that of the 
an, and that of the downtake enough larger to provide working clearances. 
Infortunately, with a floating calandria there is a handicap due to the fact 
that the annular space between the 
shell and the calandria offers much less 





Dome, catchall and 


Bee a : resistance to the passage of circulation 


shown 


than the tubes, so that a large part 
| of the displacement of the circulator 
| efector by-passed the heating surface and lost 
| its usefulness as far as forced circula- 
tion is concerned. 

Still another French design is the 
HeEtico-agitator(Fig.11/17),consisting 
of a small propeller about 18°% of the 
pan diameter, likewise installed in a 
floating calandria pan, and suffering 
similar defects to those outlined above. 
The new part of this design is the 
succession of superposed inverted 
funnels above the downtake, increa- 
sing in diameter until the uppermost, 
ist below the massecuite level, attains perhaps 60°% of the pan diameter. 
Jue to the small size, the power requirements must be very low, and its 
bility to move a large amount of massecuite for even fair circulation is 











ig. 11/17. Helico-agitator by Quint and 
FLAMANT. 


aadequate. 


(c) Necessity of Mechanical Circulation 


n spite of all past inadequacies clearly indicated by absence of extensive 
pplications, the fact still remains that the analysis of velocities of masse- 
uite circulating through heating surfaces of pans in operation, even those 
lesigned especially for easy flow, emphasizes the urgent necessity of ade- 
uate forced movement to obtain fair performances. This applies not only 
n the basis of rates of evaporation and crystal growth, but also to minimize 
emperature conditions involving danger of heat injury to the products. 
This was all detailed in the preceding discussions. 
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(d) Basis of Design 


With the above background in view it was decided to embark on a develop- 
ment project to solve the problem. As indicated by a review of previous 
work, it is evident that the units tried were too frail, had too little capacity, 
and were inadequately powered. The new design was planned to fit the 
calandria pans used in our study. The selected speed through the tubes 
was taken at 11/, ft. (457.0 mm)/sec, corresponding to the calculated values 
with natural circulation while the levels are low and the performance 
satisfactory. 


(i) Data for experimental circulator 


The pan was 12’0” (3.660 m) diameter, provided with 306-5” (127 mm) 
tubes, 48” (1.220 m) long, making up a total of 1600 sq. ft. (149 sq.m). 
The downtake was 6’0” (1.825 m). The tubes had been selected 5” diameter 
to minimize friction and produce free circulation. The price paid for this 
was a material reduction of heating surface. The strike capacity was 1300 
cu.ft. (370 hl), so that the heating surface to massecuite ratio is relatively 
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Fig. 11/18. Original vacuum pan with experimental circulator at Central Boston in Cuba. 
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ow. There were three such pans in the sugar factory, so that it was easy 
o make direct comparisons of performances. 

The inside area of a 5” No. 14 tube is 18.35 sq. in., or 0.127 sq. ft., and 
he total area for the 306 tubes was 39 sq. ft. (3.630 sq.m). The area of the 
2” downtake was 28.3 sq. ft. (2.64 sq.m). To give a velocity of circulation 
f 1 ft. per second in the tubes, the volume of massecuite must be 39 cu. 
t. (11.05 hl)/sec; and for 11/, ft./sec, it must be 58.5 cu. ft. (16.5 hl)/sec. 

The circulator (Fig. 11/18) consisted of a 70” six-element screw pump 
vith a hub 36” diameter and a pitch of 72”, and was planned to run at 
0 r.p.m., at which the swept volume would be 58.95 cu. ft. (16.7 hl)/sec, 
iving just about 1.5 ft./sec in the tubes. Twelve rectifying vanes were 
yrovided below the runner. The drive was a 40 h.p. motor belted to a worm 
rear speed reducer having a ratio of 40 : 1. When the circulator was started, 
yoth the gear and the motor were overloaded when the final concentration 
vas given, and it was necessary to slow down from 30 to 20 r.p.m., and all 
ests were made at that speed. To reduce friction, half the rectifying vanes 
vere removed, using only six. Subsequently, it has been established that 
hese vanes do very little good, and increase substantially the power to 
yperate. 


ii) Displacement data 


[here were no available means of making measurements of capacity. The 
.ctual shut-off head was determined by operating the circulator with the 
yan empty and gradually admitting water until the level was just flush 
vith the tops of the tubes, when a measurement was made of the depression 
of the water level in the downtake. This proved to be the ridiculously 
small amount of 6” (152.5 mm). It was concluded therefore that the capacity 
of the screw pump was inadequate for our purposes. However, to change 
this would involve the loss of one year, and it was decided to proceed with 
the tests. At the reduced speed, the horsepower developed while making 
1 strike but before bringing it together was only 12 at 20 r.p.m. on the 
circulator. 


iii) Difficulties 

In the first runs made, the apparatus showed promise. The difficulty was 
that temperatures above the calandria were always abnormally high, indi- 
cating that a considerable part of the massecuite in circulation did not 
reach the boiling surface and shunted back to the downtake without 
releasing its superheat by flashing, as it should. To overcome this, a screw 
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element was attached to the circulator shaft 24” above the calandria and — 


extending 3 or 4 ft. higher. This reduced the undesirable temperature in- 


crement, and in subsequent designs modifications were made to capitalize 


on this fact. 


(iv) Further developments 
Since the original installation, the apparatus has undergone considerable 
alterations. First, a framework of containing rings was mounted above 
the downtake with screw elements with rectifying vanes between each, 
and a number of units were built with this modification. The amount of 
head developed by the screw pump indicated the necessity of increasing 
the speed and reducing the diameter. It was finally decided to make alll 
circulators and downtakes 40% of the pan diameter, and these proportions 
have remained to this day. 

The peripheral speeds at the tips of the screw vanes have been standardized 
at about 16 ft. (4.880 m)/sec. The early models after the first trial had the 
main impeller just inside the downtake to reduce the shaft length. It was 
later found that a major improvement +I} 





could be achieved by placinio thers [age cee 
circulator drive 
not shown 


screw pump just below the downtake, 
eliminating all rectifying vanes and 
other screw elements, and this is the 
present status of the design. The 
afrangement approaches a _ mixed 
flow pump, which is more suitable to 
the work, as the elements of the screw 
are self-clearing when the viscosity 
is high, and there is less friction, 
more capacity and less power required 
hogy ola) 

Until recently there was still a 
tendency to shortcircuit the boiling 
surface of the massecuite, which was 
the original difficulty, but this has pi. 11/19, Were mechanical circulator 
been overcome by the addition of a as presently built. 
funnel-shaped deflector at the top of 
the downtake with an angle of 45 degrees and a height of 8”. The effect of 
this is about the same as having a larger downtake without losing heating 
surface. One advantage is that the path of the heated massecuite leaving 
the tubes veers away towards the shell of the pan, thus concentrating the 
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one of ebullition at that point, leaving the centre free from boiling, and 
ermitting the massecuite after flashing to proceed downwards with little 
iterference from rising currents of hot material from below. 


7) Feed control 
laving only one rotor to the circulator in the bottom of the pan, where 
-is always submerged, means that the power required to drive it will 
lways be proportional to the tightness or viscosity of the massecuite, and 
wattmeter attached to the driving motor circuit will give indications 
yat are exactly proportional to tightness. This is really the control element 
>t Operating vacuum pans after the initial period of footing preparation, 
nd any sugar boiler, by simply reading the wattmeter can feed his pan 
ccordingly. This is so true that today circulator pans are equipped with 
utomatic feeding systems simply devised by using a contacting wattmeter 
yhose signals open and close the feed valve, thus requiring no attention 
xcept to attain final concentration, when the feed must be closed and the 
nal brix judged by the indication of the wattmeter. There are now many 
uch installations in raw sugar factories and refineries. 

Another interesting feature is the way feed is dispersed into the pan. 
‘he incoming liquor is admitted into the bottom, and guided upwards 
owards the inside of the hollow hub to which the screw elements are bolted. 
Inder each vane are two 2” (50 mm) holes through the hub, and feed is 
nade to enter the system here under the rapidly revolving vanes, where it 
; immediately and thoroughly mixed with the circulating massecuite, very 
nuch better than it has ever been done before. 

A useful operating detail is the standardization of the control of feed 
o the pan. It has been established that the best tightness at which to carry 
he strike is by holding the load on the wattmeter at 75 °/ of that developed 
t the final concentration. This is simply obtained by noting the final load 
n the wattmeter when the wanted brix is attained, and on subsequent 
yperations set the contact for feed control at 75%, of this load. 


(e) Speed and Power Requirements 


[he power required to drive vacuum pan circulators of the present design 
aries considerably with any specific size, according to the kind of masse- 
uite being elaborated, and especially with the brix and viscosity, the latter 
lepending on the composition of the impurities in the masseculte. The 
yorst job of all is to handle low grade remelt strikes in sugar refineries, 
ind it is necessary to increase the power by 25%, above the standards 
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given below. Low raws in the beet sugar industry also need the same in- 
crease in power, especially after the beets have been stored for a long time 
and the raffinose content has increased beyond normal. The following are 
the present standards (Table 2). 








TABLE 2 
Circulator diam. R.p.m. H.p. 
66” (1.68 m) 55 60.0 
60” (1.52 m) 60 50.0 
54” (1.37 m) 67 40.0 
48” (1.22 m) 75 30.0 
42” (1.07 m) 86 25.0 
36” (0.91 m) 100 20.0 


eo SSSSSSFSFSSSSSSSSSSMMMfMsee 


The maximum power loads will occur when the strike is given its final 
brix, and if it has been carried at 75° of the dropping load, as suggested, 
the increase of power at that point will be 33%. The duration of final 
concentration from the time feed is shut off to the end of the strike will 
not exceed 15 minutes. On white sugar strikes, this period is only 2 minutes. 
In view of this, the motor can accommodate a load of 25% in excess Om 
tating without difficulty. When the pan is stopped, the circulator must 
be stopped immediately, because without change of brix the absence of 
ebullition alone will increase the load materially. There is more danger of 
injury to the speed reducer than to the motor, since heavy overloads beyond 
the manufacturer’s rating may break down the film of lubricating oil between 
the gear teeth and result in serious damage. 


(f) Benefits of Mechanical Circulation 


(1) The apparatus used to measure the temperature conditions in pan No. 2 
at Central Boston in Cuba was transferred to pan No. 3 which was equipped 
with the original experimental circulator, for the purpose of duplicating 
the observations and recording the results. Whereas this unit represented a 
preliminary design without refinements and corrections, still there devel- 
oped notable differences worth considering. 

The graphical log of the observations is teproduced here (Fig. 11/20). 
The experimental thermometer and the pan thermometer gave readings 
very close to one another at the beginning, but towards the end the difference 
between stations 1 and 2 inside the tube reached a maximum of only 11° F 
(6.1° C) instead of 31° F (17.2° C) recorded in the first test, which is a con- 
siderable improvement. 

(2) With the original design of mechanical circulation, it was possible 
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Fig. 11/20. Local temperatures in tubes of calandria pans with mechanical circulation. 
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to operate the pan with low temperature vapors under partial vacuum, and 
a test was actually recorded while making a 4-strike in which the pressure 
was always sub-atmospheric. Below (Table 3) are given summaries of three 
tests made with and without circulator. 








TABLE, 3 
Nomenclature Pan 2- C Pan 3- C Pan 3- B 
Sttam pressure 6.28 lb. 2.99 1D: 2.0 in. vac. 
Vacuum 28.30 in. 28.00 in. ot Bis Beg 
Steam temp. 230.5 —F 221 Sesh 208.6 °F 
Massec. temp. (329 ei 139.07 °F Ie pe 
Ne df O70. 7H 82:55 7H 20.3 week 
Heat trans. U. 21.6 57.6 64.0 
Max. evap. 10880 Ib. 12120 = Ib. 17750 Ib. 
Min. evap. 838 Ib. 2810 Ib. 2870 Ib. 
Average evap. 3075 = 1h, 73308 eb. 500g wad 
Evap./sq. ft./h 3.54 lb. 4.58 lb. 4.73 lb. 
Total evap. 38700 Ib. 46300 Ib. 58100 Ib. 
Time required 6 h 48’ 6 h 20’ ates 


—— a ee 
Today these data are obsolete, because with a circulator pan under the same 
conditions it is possible to make a C-strike in two hours. They are given for 
comparison of what was possible then and show the progress. 


(g) Comparative Rating Curves 


In 1940 at Central Aguirre in Puerto Rico, parallel tests were made on 
B-strikes on two pans exactly alike, one with a circulator and the other 


On this test -"B” strikes 





Items Mech.cire, Nat.circ. 


Strike purity 71.5 72.2 
Brix of strike 93.4 92.2 





Volume of strike 1545cuft 1461cuft 
6.0 Time required 3:20 450 
Average steam 4.04 Ibs 4.25Ibs 
Average vacuum 24.65’ 24.51" 
Date of test Feb.29-40 Fep.23- 40 





























Evaporation !bs/sqft./h 
































ee 5 6 7 8 9 10 
eight of massecuite above top tube sheet in ft 


Fig. 11/21. Comparative rates of evaporation in #A-strikes de witl rithout 
mechanical circulation. For both pans: diam. — p iad 8 eee “3 tabes 
621 — 4” x 54 copper, h.s. = 2860 sq. ft., rating = 1500 cu. ft., footing = "500 cu. ft, 
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vithout. The results are shown in the graph (Fig. 11/21). These two runs 
vere made by the same sugar boiler under nearly equal conditions, but it 
vas not possible to maintain exact duplication in all respects, and the 
yperating conditions favored the pan without circulator because the final 
yrix was lower by 1.2, the purity was higher by 0.7, and the volume of 
nassecuite made was less by 84 cu. ft. The other conditions were about 
qual. The big gain here, as always, is towards the end of the strike with 
nechanical circulation. 

The graph shows the rate of evaporation in |b./sq. ft./h. The peak occur- 
ed at the fourth observation and is about equal for the two pans, so that 
yractically nothing was gained by mechanical circulation at the beginning. 
Summarizing, the following is of interest (Table 4). 








TABLE 4 
ne tli el a 

Height above cal. No circulator Circulator Gain % 
1 ft. ( 305 mm) —- — — 
2 ft. ( 610 mm) 5.00 6.70 ithe S 
3 ft. ( 915 mm) 6.90 7.20 4.5% 
4 ft. (1225 mm) 5.10 6.60 29.2% 
5 ft. (1525 mm) 3.00 5.10 70.0% 
6 ft. (1830 mm) 2.30 4.15 80.5% 
7 ft. (2135 mm) 1.85 3.80 105.0% 
8 ft. (2440 mm) 1.20 3.20 166.0% 
Last 0.40 2.50 525.0% 


To 


The duration of the circulator strike was 200 minutes against 290 minutes, 
which is 69°%, of the time. If this is corrected for the larger volume, the 
figure becomes 65.2% of the time without circulator. The rate of evapora- 
ion at the end was 0.4 lb. for natural circulation against 2.5, which is about 
six times as fast for the circulator when the temperature and viscosity are 
greatest — quite a significant advantage. If this were a low grade strike of 
about 60 purity, the time to complete a strike of equal volume with the 
circulator pan is about one-half that required for the pan without circulator. 


(h) Quality of Crystals 


It is generally admitted that conglomerates occur much more readily with 
high purity liquors. The effect of mechanical circulation of refinery liquors 
on crystal formation is shown in a microphotograph (Fig. 11 /22) at a 
magnification of 10 x. The large grain is ‘sanding sugar’, made on a circu- 
lator pan; and the small grain 1s ordinary fine granulated sugar. The purity 


Bibliography p. 451-452 


428 CIRCULATION IN VACUUM PANS CH. 11 


of the while liquor in both cases was around 99.4. Both samples date back — 


to 1954, and it is felt that these photographs speak for themselves. 7 


(1) Summary 


After twenty-seven years and the building of about one hundred and 





Fig. 11/22. Micro-photographs of refined Sugar crystals, made with and without mecha- 
nical circulation. Left: fine granulated crystals, 10 : 1, made in calandria pan with natural 
circulation. Right: sanding sugar crystals 


seventy circulators, the following characteristics have been well established. 

(1) The time required for boiling ordinary cane sugar raw strikes has been 
reduced as follows: A-strikes 15-20%; B-strikes 25-30%; C-strikes 
40-50%. 

(2) The rate of evaporation at the end of C-strikes is about six times as 
fast, but not different at the beginning. 

(3) The velocity of circulation in the tubes is about constant at 1.50 ft. 
(457 mm)/sec. 

(4) The estimated time of contact of massecuite with the heating surface 
is less than 3 seconds. 


(5) The maximum temperature attained in the tubes is considerably 
reduced. 
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The crystal formation is incomparably better. 

The color increment is reduced. 

Automatic feed is easily applied. 

The displacement of circulators is great enough to turn over the entire 
contents of the pan about three times per minute. 

Q) Since circulation does not depend on evaporation, it is possible to 
feed with syrup or molasses just below saturation with impunity. 


3. Equipment and Operating Conditions for 
Satisfactory Vacuum Pan Performance 


(a) Introduction 


1 the not very distant past and in some places even now, the control of 
acuum pans has been in the hands of practical operators using guesswork 
id the rule of thumb, learned from their predecessors and handed down 
) their apprentices as a craft with resistance to all change and progress. 
ince this is one of the most important steps in the manufacture of sugar, 
id since well established scientific knowledge on the subject is available, 
lis practice can no longer be tolerated. It is now proposed to outline not 
nly the equipment needed, but the way to use it. 


(b) Stable Conditions 


atisfactory sugar crystallization is not possible with unstable conditions 
F operation, so the first requirement is to make adequate provisions in 
is respect. 

(c) Vacuum Control 


ach vacuum pan should have its own independent condenser that can be 
jjusted without interference from others. It would be desirable to have 
dependent vacuum pumps, since moderate cost steam jet units are avai- 
ble. Usually there is one central water injection system of ample capacity 
rving all units. 

A very good investment is to provide the condensers with automatic 
4cuum control based on adjustment of water supply to the desired vacuum. 
Thus equipped, there will be no changes of temperature due to vacuum 
ariations, which is the most important step. 


(d) Stable Steam Pressure 


he pressure of steam fed to the heating surface of the pan must not be 
lowed to oscillate, as this will introduce another undesirable variable which 
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will influence the performance adversely. To obtain this, automatic controls 
must be provided to regulate steam in the lines, either relieving it to the 
atmosphere if too high, or admitting make up if the pressure tends to 
drop. 


(e) Lustrumentation 


To be able to exercise proper control, there must be provided instruments 
to make this possible. Usually the temperature of the massecuite is indicated 
by an angle thermometer located low enough to be submerged at all times, 
There should also be a mercury vacuum gauge, and preferably an absolute 
pressure gauge. Then a steam gauge indicating the pressure at the heating 
surface of the pan is required. A water gauge glass must be provided indi- 
cating the level of the condensate inside, to make sure it is being removed. 

All standard accessories must be included, such as sight glasses, manholes, 
discharge valve, water sprays, steam out, and a good scale must be mounted 
on the pan indicating the volume of the massecuite at different levels, so 
that proper blends of ingoing products can be made. 

A very important detail is the design of the feed pipe, to make sure that 
the incoming liquor is well distributed into the mass. Lacking this, it is 
easily possible for the lighter incoming feed to stratify on the upper sur- 
face of the massecuite, which would spoil the operation (Fig. 11/1). 


(f) Swpersaturation Control 


All pans must be provided with reliable instruments which will give the 
concentration for all purities and temperatures ranging from below satu- 
ration to about 1.80 supersaturation, preferably with indications of the 
location of the operating zone arbitrarily fixed at between 1.25 super- 
saturation and 1.40. 


(¢) Steam Flow Meter 


Little appreciated but of great usefulness is having a reliable flow metet 
on the steam connection to the pan. The manner of using the indications 
for the control of liquor feed will be explained later. 


(h) Crystallization 


In raw cane sugar factories, grain is made for the low grade or C-strikes 
only, the other strikes beginning with footings of magma made of C-sugat 
mingled with syrup, clarified juice, or even water, this footing being large 
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nough to cover the heating surface. The operation is then completed using 
yrup or molasses in varying proportions or of various purities, according 
> the type of strike desired. 

In sugar refineries, grain is usually made for each strike individually. 

In beet sugar also, grain is made for each strike. All of the low raw sugar 
melted and mixed with run off from the white strikes to make high raws. 
he white strikes are made from thick juice from the evaporators to which 
as been added all of the high raw sugar after it has been melted. 

Thus in all sugar factories and refineries it is necessary to make grain by 
ne of the three methods outlined below. 


) Letting the grain come in 

he original system of making grain was to concentrate the syrup or liquor 
ntil the point was reached where nucleation took place spontaneously, 
nd continue with evaporation until a proof stick sample spread on a piece 
f glass showed what appeared to the operator as a sufficient quantity of 
rain for the purpose. This is achieved by the use of a hand microscope, 
ut can be done without it if one’s eyesight is good enough. 

Further nucleation was usually stopped by lowering the vacuum and 
king in a ‘big drink’, which means that the temperature was raised and 
re concentration decreased to the point where no new grain appeared. 
‘he trick now was to nurse these fine crystals so that their growth was 
apid, without inducing the formation of additional ones. 

Our observations show that for raw cane sugar syrup with purities of 82, 
oiled under 25” vacuum at sea level, the b.p. rise when nucleation starts 
about 27° F (15° C). According to our tables, this corresponds to a super- 
aturation of around 1.75. Evidently, during the growing process the con- 
entration had to be controlled to stay between 1.25 and 1.40 supersatura- 
on, and herein lay the skill and experience of the sugar boilers, for they 
ad only the vacuum gauge, the pan thermometer and proof stick to guide 
em, and thus had to depend on their sense of touch. If new grain ap- 
eared, the probability was that conglomeration occurred also. The false 
rain could be eliminated by feeding in water slowly until it disappeared, 
ut conglomeration once formed can only be eliminated by completely 
issolving the grain. For that reason most sugar is conglomerated. 

There are a number of weak points to this system. 

In the first place, the quantity of grain produced is dependent entirely 
n the experience and judgment of the operator, which is subject to con- 
iderable variation among individuals, and even in the same individual 
ccording to how he feels. 
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In the second place, due to the excessively high concentration, the for- 
mation of a certain number of conglomerates is inevitable, where all means 
available should be used to avoid them as undesirable in the final product, 
making affination at the refinery difficult, or necessitating additional 
washing if refined sugar is being made. 

The third objection is that the system can be used successfully only on 
fairly high purities, and would not be practical on molasses crystallization 
at apparent purities of 70 or less. 

Then, the material in the pan while being crystallized is held at excessively 
high concentrations for too long a period, involving the danger of inver- 
sion and glucose destruction. 

Finally, the entire operation is dependent on the skill, experience and 
prejudices of the sugar boilers, and is not amenable to any simple form of 
easily followed instructions which it should be for best results. 

The process can be helped materially by the use of supersaturation control 
instruments, which would permit certain standardization, but estimation 
of the proper amount of grain present would still depend upon the operator, 
with no means other than eyesight on a proof stick sample to make this 
critical determination. 


(it) Shocking 

The first big improvement in grain establishment came with the introduc- 
tion of ‘shocking’, which was originally used by ZrrKowsky in the American 
beetsugar industry. The accepted procedure consists of drawing into the 
pan a small quantity of fine grain with the simultaneous admission of ait 
shortly after the point of saturation is reached. This mixture of sugar and 
air causes the formation of nuclei much before they would appear by the 
first method. 

Without instruments this point can be ascertained with sufficient accuracy 
by the sense of touch, depending upon the length of a thread drawn between 
the thumb and forefinger on a proof stick sample. As soon as an appreciable 
thread appears by this test, it is time to shock. 

With instruments the supersaturation should be between 1.10 and 1.20. 
By the time full nucleation is attained, the supersaturation will probably 
have reached 1.50, which is materially lower than the 1.75 in the first case, 
and the occurrence of conglomerates will be much reduced. 

It will still be necessary to judge when there is enough grain by sight, 
using a proof stick sample on a piece of glass, and further formation arrested 
just as in the first case, namely by lowering the vacuum and taking in a drink. 
Possibly the drink might be avoided. At all events, the supersaturation 
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lust now revert to the working zone included between 1.25 and 1.40 as 
efore. 

This graining system is much better than the first, as the concentration 
tained is lower throughout, which means less conglomerates and less 
eat injury, giving an all-around better product. However, dependence is 
ill vested in the humanly variable skill of the sugar boiler. 


ii) Seeding 

he third and by far the best method for grain establishment is by complete 
-eding, and the successful development and standardization of this system 
credited in English speaking countries to E. C. Griterr, Technical 
rector of the California and Hawaiian Sugar Refining Company of 
rockett, California. In this case grain is not formed in the pan at all, since 
1€ supersaturation is never allowed to exceed the working zone whose 
pper limit is fixed at 1.40. 

The first requirement is a good reliable set of instruments by the use of 
hich the correct supersaturation is known at all times. The prerequisites 
f stability of operating conditions as prescribed at the beginning of this 
iscussion are indispensable; otherwise the indications of the instruments 
ill be unreliable. 

The seed to be used is finely powdered sugar mingled with isopropyl 
cohol in which it is totally insoluble, with enough alcohol to maintain 
ood fluidity. This according to GrLETr consists of 1 Ib. (454 g) of sugar 
er liter of alcohol. The amount of powder to be used per 1000 cu. ft. 
83 hl) of massecuite depends upon the fineness of the powder and the 
ze of the ultimate sugar crystals wanted. In the last analysis, this will have 
» be determined by trial and error, and is quickly standardized. As a 
rst trial, 1 Ib. (454 g) of powder per 1000 cu. ft. (283 hl) of massecuite could 
© used to produce sugar crystals of 0.35 mm. diameter, which is about 
andard for low grade crystallizer strikes, and also corresponds approx- 
nately to fine granulated sugar. 

Whereas the grist of the sugar powder and the amount of seed to be used 
; recommended by GrLterT give excellent results, this must not be taken 
y mean that coarser seed in greater quantity is not ever to be used. Quite 
1e contrary; in certain refinery operations, when it is required to produce 
yarse sugar such as standard granulated or similar large grain products, 
is very advantageous to use coarse seed and more of it, because by this 
eans the difficult period of developing the footing is made much shorter, 
ss delicate, and more easily controlled. The additional trouble and expense 
f this operation are well repaid by the saving of both time and difficulties, 


biography p. 451-452 


434 CIRCULATION IN VACUUM PANS CH. 


not to mention the possible increase of steam consumption resulting from 
having to feed water to hold down the supersaturation. 

Sometimes as much as 5°% of the weight of the sugar produced is used — 
as seed. Thus, in a large pan producing 100,000 Ib. (45,400 kg) of sugar” 
per strike, 5,000 lb. (2,270 kg) of seed may be used. This involves a weight 
development of the crystals of 20 to 1, and consequently the size of the 
grain used for seeding must be proportional to the reciprocal of the cube 
root of 20, which is 0.37; and there would result the following. 


For 0.5 mm sugar, use seed 0.37 x 0.5 = 0.185 mm 


For 1 mm sugar, use seed 0:37 x 1 = 037mm 
For 2. mm sugar, use seed 0.37 x 2 =0.74 mm 
For 3 mm sugar, use seed 03773 30 = 1 iY som 


For such an operation special preparations and equipment are required. 
A large hopper must be mounted to receive the seed, and from the bottom 
of this hopper to the pan must be an appropriate pipe, as direct and free 
from bends as possible, with gate valve. In this case, no alcohol is used. 

For this seeding operation about ten minutes are needed, during which 
time steam must be shut off and vacuum held constant. After the seeding 
is completed, the control is the same as for fine powder seeding, outlined 
below. 

The procedure is very simple. It is preferred for introduction of seed into 
the pan to have a seeding funnel just above the upper tube sheet, with a 
connection to the pan of not over 3/4” diameter, as short and direct as 
possible, and provided with a quick opening gate valve. Below is a thumb- 
nail summary of the instructions to the sugar boilers on the subject. 

(1) Depending on the type of supersaturation instrument used, either 
attach a chart of the purity of the material to be crystallized, or make the 
proper adjustment for purity. 

(2) Charge the pan, and during the formation of the nuclei, maintain 
the level above the upper tube sheet. Hold the vacuum at 4” to 5” (101.5 to 
127 mm) absolute, and turn the steam on full. 

(3) When a supersaturation of 1.25 is reached, seed the pan without 
allowing any air to enter for fear of provoking the formation of additional 
nuclei by shocking. 

(4) As soon as the supersaturation approaches 1.40, lower the vacuum by 
3” (76.0 mm). 


(5) Remain inside the working zone defined as between supersaturations 
1.25 and 1.40. 


(6) After the footing is tightened, begin to feed normally without 
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sosening the massecuite and raise the vacuum gradually and slowly back to 
ormal 77 not less than 15 minutes. 

(7) If the pan is equipped with an automatic feeding system, it should 
e placed in operation as soon as the massecuite is tightened, as indicated 
y the wattmeter, whose contact should be set at 75% of the dropping 
ower load when the strike is discharged. 

(8) No further attention will now be required until the pan is full and 
sady for final concentration, when the wattmeter contact should be ad- 
anced a few kilowatts beyond the dropping load, so that if the sugar boiler 

not present when the final reading is reached, the automatic will again 
art to feed, thus avoiding dangerous overloads. Immediately upon reaching 
1e dropping load, stop the circulator. 


(i) Szgnificant Observations on Pan Operation 


t this point it is deemed appropriate to make some observations based 
n extensive experience with the operation of vacuum pans which might 
1ed interesting light on the problems involved. 


) Uniformity of initial nuclei 

uite a point has been made in various writings about sugar crystallization 
-catding the necessity of obtaining the greatest possible uniformity in the 
ze of the grains of powder to be used for seeding vacuum pans. Our 
‘perience has indicated that the importance of this feature has been exagger- 
ed, and that extreme regularity is relatively unimportant, as can be 
uthered from the following simple facts. Consider the characteristics of 
ry solid of regular form, such as sugar crystals, and observe that: 

(1) the linear dimension varies directly with the magnitude of the crystal; 
(2) the surface of the solid varies with the square of the linear dimension; 
(3) the volume and weight vary with the cube of the linear dimension. 


xample 

he dominant factor controlling the rate of growth of sugar crystals is the 
ea of their surface exposed to the supersaturated solution-mother liquor, 
tup ot molasses. The weight of individual small grains in the powder 
hen first introduced as seed into the pan is a very difficult matter to 
stermine. They are microscopic in size. 

A practical example might shed light on the subject. In a large sugar 
finery 2 lb. of powder were used to seed a pan which produced 2000 
1. ft. (567 hl) of ‘fillmass’, from which was obtained about 100,000 Ib. 
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(45,300 kg) of commercial fine granulated sugar. No new crystals were 
formed during the boiling operation, and hence the number of nuclei in 


the 2 lb. (0.9 kg) of powder was the same as the number of crystals in the 


100,000 Ib. (45,300 kg) of sugar, so that: 


100000 
(a) the increase of weight and volume was aE Te ae 50000 : 1, 
(b) the increase in crystal surface was T3620. 
(c) the increase in linear dimension was Ory eke 


If, as was suggested, the diameter of the finished sugar crystals was 
0.35 mm., then the grains of powder must have been of an average diam- 
eter of around 0.01 mm. The point of importance is that considerable 
variations of weight of the ultimate individual crystals involve relatively 
smaller variations of their linear dimension. Thus, it can be seen that 
single crystals weighing one-half as much as others would have their linear 
dimension reduced by only about 20%, a variation which to the eye is 
relatively unimportant, and substantially negligible from the standpoint 
of satisfactory commercial sugar. 


(ii) Swall crystals grow faster 


Since the rate of increase of weight and volume is directly proportional to 
the surface of the crystals, it follows that the smaller crystals will gain weight 
and volume at a greater relative rate than the larger ones. In fact, the rate 
of weight and volume increment of the individual crystals per lb. of sugar 
will be inversely proportional to their size. This extremely important fact 
becomes an automatic corrector of irregularity. It is our inevitable con- 
clusion that excessive size variations have been due not to irregularities 
of the size of the grains in the seed, but rather to the fact that during the 
strike new grains are formed at a time when they are neither wanted nor 
expected. All of this probably came from conditions prevailing in the pan, 
which were not suitable for the uniform growth and development of the 
crystals, and hence the defective result. 


(ili) Preparing the grain 


The method for the development of the grain was given in the operating 
instructions for the use of supersaturation control instruments. More 
details are required to have a complete understanding of what goes on and 
why. 

After the introduction of the seed follows the development of the nuclei 
or seed grain to a visible size of approximately 0.05-0.10 mm linear. This 
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called ‘hardening the grain’ by operators, and consists of preventing the 
ormation of new nuclei while at the same time obtaining the maximum 
peed of growth in existing ones, until they are large enough to adsorb 
ucrose from the surrounding mother liquor as fast as it is made available 
y evaporation, which are easy words to say but of major significance. 

In the example of a refinery strike given above, it was pointed out that 
vhen the pan is seeded, the crystal surface for adsorption of sucrose is only 

: 1362 of what it will be when the strike is finished, and hence a very 
titical condition exists in the inability of these crystals to adsorb sucrose 
s fast as it is made available by evaporation. In the instructions, two steps 
re taken to help out. First, as soon as the supersaturation approaches the 
langer line of 1.40, the vacuum is lowered from 5” absolute to 8” absolute, 
vyhich increases the vapor temperature from 134° F (56.7° C) to 152° F 
66.7° C). As a result of this the supersaturation now drops from 1.40 down 
o about 1.20 at a massecuite temperature of 168° F (75.6° C); and there 
vill be no danger of nucleation until this massecuite temperature exceeds 
71° F (77.2° C), so that a time of grace has been secured. 

In addition, KUCHARENKO in his data has proven the fact that as the 
emperature increases, by such an amount, there is an increase in the speed 
f crystal growth several fold. If during the operation the supersaturation 
ncreases to the danger point, then the rate of evaporation can be reduced 
ccordingly by lowering the steam pressure at the heating surface to correct 
his condition, being careful not to allow any variation of vacuum to take 
lace. The other alternative would be to feed more syrup into the pan, 
ind thus hold down the supersaturation. This is not advisable, however, 
secause it increases the volume of the footing before it is brought together, 
naking the ultimate problem more difficult. For that reason a drink before 
ightening the footing is not the best solution, unless the level is too low 
or circulation. 


iv) The critical point 

Gradually the crystals grow, and their capacity to adsorb sucrose from the 
urrounding supersaturated solution increases to the point where it equals 
ind surpasses the ability to maintain the high supersaturation by the rate 
of evaporation in the pan, and here occurs a very interesting reaction, quite 
suddenly. It must be understood that immediately after seeding the volume 
of the crystals as compared to the volume of the footing is extremely small, 
und as they grow in size their volume increases more and more, and the 
volume of the mother liquor decreases accordingly due to evaporation. 
The critical point is reached when the volume of the void spaces between 
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the crystals is just about equal to the volume of the mother liquor, and that 
is the right point at which the strike should be carried for white liquor, 

Several very surprising reactions take place suddenly upon reaching the 
critical point: 


(1) The boiling point rise suddenly drops by about 3° F. (1.66° C), © 
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Fig. 11/23. 2000 cu. ft. low head calandria vacuum pan (15° x 176”) equipped with 
mechanical circulation (Imperial Sugar Co., Sugarland, Texas). 


(2) The rate of evaporation increases gteatly as has been actually ob- 
served on a flow meter indicating the steam consumption of the pan. 

This situation requires immediate attention, as the rate of feed must now 
be increased to a maximum or the pan will freeze. With mechanical circu- 
lation and automatic feed, it is a very simple matter not only to face this 
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ondition, but also to take advantage of it by adjusting the contact of the 
attmeter so that the maximum is indicated on the steam flow meter. 

y this means a very considerable improvement has been made possible 
ot only as regards capacity but also quality, because, when the massecuite 

in this condition, the concentration of the mother liquor is considerably 
duced, and the possibility of the occurrence of either false grain or con- 
lomerates ceases. 

An interesting fact is that one can leave the critical phase simply by over- 
eding and loosening the strike, after which it can be brought together 
ain with the same original results. It is felt that the ordinary refinery 
igar boiler always remains below the critical phase, and hence loses time 
id makes sugar of not as good quality as it can be made following the 
=w technique. 

After the critical phase is reached, the indications of supersaturation 
struments have no significance of any value, and hence in our practice 
ley are not used beyond this point. 

This critical phase does not occur in making strikes of purities below 90. 
t least, it has never been observed during our experience, and in such 
ises, without mechanical circulators, supersaturation instruments can be 
sed longer. 


(j) Vacuum Pan Tests 


ertain routine for testing vacuum pans has been established, and it was 
ought appropriate to present one of these tests for consideration here. 
he example selected is the performance of a 2000 cu. ft. refinery pan 
‘ig. 11/23) completely equipped as recommended herein making a white 
guor strike, the log of which is given (Table 5). 


) Description of pan 

his pan represents a recent design and has the following characteristics. 
(«) Calandria. The calandria is 15’0” (4.560 m) diameter and only 32” 
.813 m) high from out to out of tube sheets. It is provided with 952-4” 
01.5 mm) No. 14 o.d. copper tubes, giving a total of 2491 sq. ft. (about 
31 sq. m.) measured on the steam side. The downtake is 66” (1.680 m) 
iameter, and attached to the upper end is a funnel-shaped deflector at an 
igle of 45°, the top being 82” (2.080 m) diameter. There is provided an 
ynular space in the shell of the calandria for the unobstructed admission 
f steam, 9” (228 mm) wide all around, without any baffles, ports or open- 
gs — in other words, wide open to the tubes. Steam is admitted tangen- 
ally through two 12” (0.305 m) inlets located 180° apart, both entering 
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' 
in a clockwise direction, and provides free and maximum flow of steam 
through the annular space and completely fills it, giving equally distributed 
heat to all parts of the heating surface. Non-condensable gases and conden- 
sate are removed from the centre at the lower tube sheet. : 

(8) Bottom. The bottom is conical at an angle of 20° with the horizontal, 
and has a 12” (305 mm) cylindrical section between the conical part and the 
calandria. The discharge valve is 24” (610 mm) diameter, and has openings 
for cut over, feed and washout. 

(y) Liquor Belt. The liquor belt, just above the calandria, is 17'6" (5.340 m) 
diameter and is attached to the calandria by a conical reducing section having 
an angle of 30° with the vertical. The height of the liquor belt is about 
9’0" (2.75 m), leaving a free unoccupied height of 3’ (0.915 m) above the 
maximum massecuite level at rated capacity of 2000 cu. ft. (566 hl), which 
is 6 ft. (1.825 m) above the upper tube sheet. This belt makes the pan of 
the low head type now in general use. 

(3) Dome and Catchall. Above the liquor belt is the usual dome, reducing 
the diameter from its original to about 8’0” (2.44 m), where a catchall of 
this size is attached, having a 54” vapor outlet (1.375 m) connecting to 
the condenser, which is of the ScHurrE & KOERTING M.J.S. design of 
ample capacity. 


(ii) Equipment 
This pan has the following equipment, which is very complete in all respects. 

(1) One (1) 66” (1.680 m) mechanical circulator having 72” (1.830 m) 
pitch, driven by a 100 h.p. motor, and turning at 70 t.p.m., giving a dis- 
placement of 7930 cu. ft. (2240 hl)/min. The volume of the strike produced 
by the pan is 2000 cu. ft. (567 hl) so that when the pan is full, its entire 
contents are turned over by the circulator 3.96 times per minute. Another 
interesting fact is that since the inside area of the tubes is 76.5 sq. ft., 
the velocity in the tubes is the ratio of the displacement of the circulator 
to this area, and this is 132.0 cu. ft. /sec, which gives a speed of 1.73 ft. (527 
mm)/sec, a figure considerably above the standard of 1.50 (457 mm) sug- 
gested previously, 

(2) Automatic feeding system, consisting of a 6” (153 mm) air operated 
diaphragm valve actuated by a contacting adjustable wattmeter attached 
to the driving motor circuit, which can be set to any motor load. There 
is also an adjustable electric-pneumatic time delay relay interposed between 
the wattmeter and the diaphragm valve, by means of which the lengths 
of the drinks can be adjusted, since the feeding is not continuous. Hand 
feeding is also provided on a by-pass connection, which has to be used at 
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1e beginning for charging the pan, and in case of repairs or emergency. 

(3) A set of supersaturation control instruments with charts for all 
utities within the desired range giving the boiling point rise as well as 
1€ vapor temperature and the massecuite temperature in the centre of the 
owntake. 

(4) A MrinneApouis HONEYWELL automatic vacuum control, operating 
n the water supply and capable of adjustment to any vacuum within the 
sual operating range, and holding it accurately well within the tolerance 
f 0.1” of mercury (2.54 mm). 

(5) A MINNEAPOLIS HONEYWELL steam pressure regulator of capacity 
ufiicient for the pan, reducing the pressure from the 40 Ib. line to whatever 
; required at the calandria. 

Besides this unusual equipment, the ordinary accessories are provided, 
icluding an attachment for seeding the pan with powdered sugar and 
sopropyl alcohol. Also, there is a large seeding hopper with connections 
9 the pan by which any amount of seed can be drawn in as needed, which 
serves very well for the production of large grain sugar crystals such as 
tandard granulated or specials. 


ii) Comments on the design 

‘this pan is of the ‘low head’ type, which favors good performance for all 
inds of sugar crystals and eliminates excessive undesirable temperatures, 
ll of which has been fully discussed previously. 

The most remarkable feature is the small amount of heating surface in 
roportion to the capacity of the pan, only 2491 sq. ft. for 2000 cu. ft. of 
trike capacity, which is a ratio of only 1.245. Nevertheless, the time required 
5 make a strike compares very favorably with that of pans with ratios 
f 1.75 or more, which confirms GriiieTt’s and also others’ often ex- 
ressed opinion that after the tubes reach a length of 3 ft., it is a waste of 
yaterial to make them longer. 

The height of the massecuite above the upper tube sheet at the rated 
apacity is 6 ft. (1.83 m). With the circulator in operation, this might very 
ell be increased to 8 ft. (2.430 m) with little reduction of the rate of evapo- 
ation, thus gaining another 500 cu. ft., boosting the strike volume to 
500 cu. ft. (708 hl). The tests show that the final reading taken when the 
trike was about to be dropped was only slightly below the recorded 
yaximum rate of steam consumption, which is characteristic of mechanical 
irculation. ; 

Another relatively new feature of the pan is the fact that the entire unit 
vith the exception of the tubes is nickel clad, even including the tube sheets. 
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This has resulted in the total absence of iron oxide particles, which has 
eliminated the presence of black specks in the white sugar usually found 
in the first strikes made after a shut-down. 


(iv) Performance 

The log of the two tests reported accompanies (Table 5), but only the one 
where 10 lb. pressure was used will be analysed, since it fairly represents 
normal field performance. Actually, the pan has also been operated with 
15 lb. steam pressure, and the duration of the 2000 cu. ft. strikes for these 
various conditions was as follows, with the feed at the same brix, slightly 


above 70: 


Time required for 15 lb. steam 1 : 08 
Time required for 10 lb. steam 1 : 20 
Time required for 5 lb. steam 1 : 38 


Column 1. This columns gives the time of the observations every five 
minutes. 

Column 2. The steam was always exactly at 10 lb. pressure, controlled by 
the automatic regulator drawing from the 40 lb. line superheated, and hence 
each pound condensed in the pan gave up more than the theoretical latent 
heat at that pressure. This was determined at 1006.9 B.Th.U.’s/Ib. 

Column 3. The steam temperature shown here is the saturation temper- 
ature prevalent in the heating surface because the rapid condensation at the 
tubes will absorb all the superheat, and for all practical purposes the tem- 
perature inside the calandria will correspond to that at saturation. 

Column 4. The absolute pressure in inches of mercury was read from the 
absolute pressure gauge forming part of the supersaturation control in- 
struments. The vacuum, if that is desired, can be obtained by subtracting 
the observed absolute pressure from the barometer as read at the site of 
the factory. It will be understood that the absolute pressure does not vary 
with the elevation, but the vacuum would, so that these observations would 
have the same significance no matter where the plant is located. 

Column 5. The vapor temperature was read on the temperature scale of 
the absolute pressure manometer, and is correct. 

Column 6. The massecuite temperature was read on the 12” mercury dial 
thermometer, which had previously been very carefully calibrated against 
the absolute pressure gauge while boiling water under vacuum in the pan 
slowly, and at a low level. The sensitive element of this thermometer was 
located in the centre of the downtake, where it can reasonably be expected 
fo give temperatures not much affected by the hydrostatic head. 
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Column 7. The boiling point rise is obtained by subtracting the vapor 
mperature from the massecuite temperature, noted as ‘apparent b.p.rise’. 
he reason for this is that the massecuite thermometer does read high, due 
resumably to shortcircuiting massecuite into the downtake without 
ashing completely to vacuum equilibrium. This is probably due to the 
emendous draft of the circulator not satisfied with the cooled material 


Massecuite temperature in°C 





Boiling point rise in? 
Boiling point rise in°C 
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Boiling point rise in°C 


Boiling point rise in° F 
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Massecuite temperature in° F 


g. 11/24. Graph showing supersaturation for pan test using 100 and 88 purity charts. 


ming to it from the boiling surface. This was the reason for installing 
1e deflector at the downtake. 

Column 8. The above situation threw off the indications of supersaturation 
» such an extent that it was necessary to compensate by the use of an 88 
urity chart on the instruments instead of the indicated 100 corresponding 
» the purity of the white liquor of 99.2. With the normal 100 purity chart, 
hen the pan was seeded by its indications, the powder vanished completely 
| if the pan had not been seeded, and successful seeding was effected 
aly after lowering the purity of the chart to 88. 

The supersaturation shown in this column was derived from the actual 
bservations of vapor and massecuite temperature referred to the 100 purity 
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chart. There is submitted herewith a graph (Fig. 11/24) in which both the 
conditions indicated by the 100 purity chart and the 88 purity chart are 
plotted showing the saturation line and the operating zone included between | 
supersaturations of 1.25 and 1.40. The points for all observations taken 
during the test are plotted in both cases, and numbered in the order in 
which they were made. The seeding point is also shown. 

If the seeding had been done according to the 100 purity chart at a masse- 
cuite temperature of 150, the indicated supersaturation would have been 
1.25, and the b.p. rise 14.5. If these two are now plotted on the 88 purity 
chart, the supersaturation becomes 1.09, and this concentration is not 
enough to prevent the fine nucleii from dissolving when they pass through 
the tubes, and hence they disappear. 

On the other hand, the fourth reading of the test was made at a masse- 
cuite temperature of 151.5 with a b.p. rise of 18.5. With the 88 purity 
chart, this gives a supersaturation of 1.38, which is within the limits of the 
working zone of 1.40. However, if these same readings are now referred 
to a 100 purity chart, the supersaturation becomes 1.58, at which there 
would surely result the formation of additional grain, ‘smear’, but no false 
grain were formed, and hence the situation is normal. 

At the temperature limits of 146° F and 170° F at which the graph is 
drawn, we have the following. 


eee eeeeeeeeeeCUD*=* 





B.p. rise at 88 Chart 100 Chart Diff. 
146° F at sat. 1 WL 1722 don 
146° F at 1.25 16.1 14.0 a 
146° F at 1.40 18.1 1h 2.4 
Wg el g at sat. 15.) 13.4 1.7 
170° FB at 1.25 18.9 16er 22 
170° F at 1.40 21.2 18.8 2.4 


The curves are all straight lines, and hence easy to plot with only two 
points. 

About the plot of the pan performance points on the graph, the first 
three represent the work of concentration before grain establishment. 
Seeding was done at the black circle indicated, and at point 4 the vacuum 
was dropped from 4.90” abs. to 7.27 abs., which raised the temperature of 
the massecuite, and lowered the supersaturation to considerably below 
1.25, after which it rose again to within the working zone. Between readings 
6 and 7 there occurred the ‘critical point’ which brought the b.p. rise down 
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) 15.5 at the same time greatly increasing the rate of evaporation to almost 
wice what it was just before. As a result, the automatic vacuum control 
fas not quick enough and reading 8 brought an abnormally high temper- 
ture, which was quickly corrected by reading 9. After this the subsequent 
cadings gradually reverted to normal, and from 9 to 16 remained within 
1e working zone, or close to it. 

After the automatic feed is on, reading 6, since the feed is by drinks and 
ot continuously, there result oscillations of concentration, becoming 
ghter when the feed valve is closed and lighter when it is open. Not only 
aat, but the operator was in the gradual process of raising the vacuum 
lowly, as can be seen, and each time it was raised a little this was accom- 
anied by a gush of evaporation which also had something to do with the 
regularities noted. 

Column 9 and 10. These columns simply indicate when the automatic 
sed was on and when it was off. 

Column 11. This column gives the electric load on the motor driving the 
irculator. There is nothing remarkable about this, except to note the sudden 
nd enormous change which takes place very quickly after the feed to the 
an is closed off for final concentration. In the short space of two minutes 
ae load was almost doubled, and this indicates the necessity of being 
igilant at this stage, and to raise the point of contact of the wattmeter 
nly slightly beyond the expected end-point; otherwise, if the operator is 
bsent, serious overload may occur with danger of damage to the motor, 
nd particularly to the speed reducing gear. 

Column 12, 13 and 14. These three columns give the brix, temperature and 
urity of the white liquor fed to the pan, and were all constant during the 
pst. 

Column 17. This column gives the steam consumption of the pan in 
»./h at each observation. These data were plotted on a separate graph, 
nd show that the rate of evaporation towards the end of these refinery 
trikes was almost double what it was before grain establishment, which 
2 general is very different from what it would be on a raw strike, partic- 
larly a low grade (Fig. 11/25). 

These readings were made on the steam flow meter, and the automatic 
eed after it was turned on was adjusted to produce maximum steam flow, 
vhich was initiated at 9 h 25’. It is a very mistaken idea to think that maxt- 
num steam flow occurs while the strike is loose. If the massecuite is loosened 
fter being brought together, then everything reverts to the same condition 
efore tightening; namely, the steam flow decreases, the boiling point rises, 
nd it becomes necessary to start all over again or else lose much time. 
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Attention is again called to the very short lapse of time (2 min) from 
when the feed was shut off until final concentration of 89.4 brix was attained, 

The steam flow reading was at the rate of 38,000 lb./h, and for the two 
minutes between this reading and the shutting off of steam, the amount 
of evaporation was 1,270 lb. If this amount of water is added to the strike 
which was dropped at 89.4 brix, this brings the concentration during the 
main part of the operation to 88.7 brix, which is very tight indeed, and 
is well worth remembering. i 
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Fig. 11/25. Rates of steam consumption on 2000 cu. ft. refinery skip, using 5 lb. and 10 lb. 
steam pressures. (Imperial Sugar Co., Sugar Land, Texas, 1954). 


Column 18. This column gives the rate of steam consumption used in 
Ib./sq. ft./h, and parallels the over-all steam consumption. The peak here 
is 17.25, and the minimum 6.44, the end-point being 15.25. This columa 
is an intermediate step in the determination of the heat transmission given 
below. 

Column 19. The AT or the difference between steam on one side of the 
tubes and massecuite on the other, is given here. It was obtained by sub- 
tracting the temperature of the massecuite as observed from the saturation 
temperature of steam also given in the log. The questionable point is 
what is the average temperature of the massecuite as it passes through the 
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ibes. The procedure given here indicates the temperature at the entrance 
f the tubes below. The boiling point as massecuite leaves the tubes is 
ot known, but it would certainly be greater. How much greater would 
epend upon the amount of evaporation taking place in the tubes, and this 
| variable according to the effect of the hydrostatic head. A mere guess 
‘ould indicate as follows: 

(a) the cu.ft./min moved by the circulator is estimated at 7930. At 
9.4 brix, this weighs 726,000 lb. The specific heat of massecuite taken at 
525. Steam used per minute: average 562 lb. B.Th.U.’s released, 562 x 
1006.9 = 566000. Increase in massec. 
temp. 1.485. 

(b) Inasmuch as the average AT 
By f i is around 90, this correction might 
: 280 increase the calculated heat transmis- 
sion by perhaps 2%, which is not 
significant. 

Column 20. The heat transmission 
(Fig. 11/26) was obtained by multi- 
plying the amount of evaporation sq. 
ft./h by the heat released by conden- 
sing 1 lb. of steam, given here as 
1006.9, and dividing by the A7. The 
average value of this for the entire 
test is 154, which is the highest this 
writer has ever recorded by a sub- 
stantial margin, many pans not rea- 


ching 100. 


320 

















200 














Heat transmission cal/sqm/h/°C 























Evaporation in kg/sqm/h 


(v) Comments on results of test 





fe) Oo .O 7 0.70720 
282898 8 @ ow 8 


in The amount of evaporation involved 
int i i ike is not given 
ig. 11/26. Heat transmission and steam in the making of the strike 8 


ynsumption during the making of a fine in the log. In other tests where facil- 
ranulated skip with 5 lb. and 10 lb. steam ities were available, both steam con- 
ressures (Imperial Sugar Co., Sugar Land, ; ; 
Texas, 1954). sumption and evaporation were de- 

termined at each observation simul- 

neously, and were found to be almost identical when steam at saturation 
as used. In this case, the amount of heat released per |b. of steam con- 
ensed was 1006.9 B.Th.U.’s, whereas at saturation it is 952.2, an increase 


£ 5.7%. 
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Note the following: 


Brix of strike 89.4 

Solids per cu. ft. 82.054 lb. 

Solids for 2000 cu. ft. 164,108 lb. 

Weight at 70.6 brix (density of feed) 232,500 lb. 

Weight at 89.4 brix (density of strike) 184,000 lb. 

Evaporation 48,500 lb. 

Steam used (by meter reading) 45,000 lb. 

Steam used, corrected for superheat 47,600 lb. : 
Excess of evaporation over saturated steam 900 lb. 
Which is only the negligible amount of 19.5% 


It is known that there is a certain amount of heat released by sucrose upon — 


crystallizing, but as has been confirmed, it is not of significant magnitude, 
and the error involved in omitting the correction is neglected according 
to our practice. 

It is felt that this pan gives an excellent performance as regards capacity, 
facility of control and operation. The use of the indicating, recording and 
integrating steam flow meter contributed considerably to the good results, 
and is now recommended as a valuable new accessory. 

Aside from the deviation of the supersaturation control instruments, for 
which allowance was made, there were no operating difficulties. It was not 
necessary to take in big drinks, nor was movement water used at any time. 

The most remarkable development was the high heat transmission well 
maintained after the ‘critical point’, averaging about 200° of what it 
was during the first six observations. Actually the value of U for this 
period was 107.6 B.Th.U.’s/sq.ft./h/degree difference between steam and 
massecuite, against 199.6 for the last ten, the very last being 182.5, and the 
general average, 154. The rate of evaporation parallels these figures. 

Another surprising fact is that it took only two minutes to attain final 
concentration, and that the kW used by the driving motor on the circulator 
during that time rose from 40 to 72. 


4. Application of Mechanical Circulators in the Sugar Industry around 
the World 


The application of mechanical circulators has found its greatest introduction 
in the western hemisphere and furthermore in Australia. A number of sugat 
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roducing countries have not yet introduced mechanical circulation as 
dditional improvement to increase the efficiency of pan operations. 

In July 1956 the following number of mechanical circulators was in- 
talled in different countries: 


America 
U.S.A. mainland 56 (12 beet, 42 refineries, 2 cane) 
Hawaii 5 
Puerto Rico 22, 
Canada 1 
Cuba a2 
Dominican Republic 2 
Mexico 16 
Panama 1 
Venezuela 2 
Ecuador 6 
Australia 21 
Europe 
United Kingdom 1 
Asia 
India 5 
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CRYSTALLIZATION OF MASSECUITES BY COOLING 


G. C. De Bruyn 
Sugar Technologist, Stork-Werkspoor, Amsterdam (The Netherlands) 


1. Introduction 


n sugar factories the main crystallization of sucrose takes place in the 
acuum pans. For low purity boilings, in which the speed of crystallization 
s low, the exhaustion of the mother liquor cannot be pushed to the practical 
ossible limit during the time available for the boiling process. For masse- 
uites giving final molasses it is an absolute requirement, and for the other 
nassecuites it is sometimes desirable and advantageous to continue the crys- 
allization process which was interrupted at the end of the boiling process. 

After leaving the vacuum pan the massecuites are stored in vessels 
roperly called crystallizers. They are equipped with a slow revolving 
tirring gear and crystallization in motion takes place when the massecuite 
cols down gradually. The solubility of sucrose in the mother-liquor will 
ye reduced as the temperature decreases. A part of the dissolved sucrose 
vill be in a supersaturated solution and under proper conditions of temper- 
ture and mixing be deposited on the crystals already existing. The mother 
iquor will be more exhausted and the crystal yield will be increased. 

When a massecuite is left to itself to cool off only by heat transfor to the 
urrounding atmosphere a considerable time is required to reduce the tem- 
serature from 70° to 40° C. In many sugar factories the crystallizers are 
10t always placed in an ideal arrangement with a view to maximum heat 
xchange per unit of time. Therefore when no forced cooling via special 
reat exchange elements is applied a considerable number of crystallizers 
s required, occupying a large floor space, while investment and mainte- 
yance will be correspondingly higher. 

It is understandable that many attempts have been made to invent and 
-onstruct cooling systems by which the cooling time can be reduced. These 
sooling systems have been applied in sugar factories mostly for the forced 
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cooling of massecuites giving final molasses. The crystallizers in which the 
higher purity boilings are discharged are in many cases no more than strike 
receivers or storage tanks with a mixing device for the massecuite on its 
way from vacuum pans to centrifugals. Practically no cooling takes place 
during the short time of storage; therefore after-crystallization can be 
neglected. 

In order to understand the applicable methods in treating a massecuite 
during the cooling period it is important to know the laws governing the 
crystallization of sucrose from impure sugar solutions. Our present know- 
ledge of these laws is still imperfect. Even where there is justification in 
applying the available knowledge of crystallization the treatment of masse- 
cuites in crystallizers is still more or less subject to empirical considerations 
and is based on the practical experience and traditional methods of the 
technologist in charge of operations. Especially for afterproduct boilings, 
opinions among technologists as to cooling times and ways of treatment 
of massecuites in crystallizers differ widely. Recommended cooling times 
for a proper and efficient exhaustion of molasses vary from 90 to 10 hours or 
less. There is no general agreement as to the treatment of the massecuite 
during and after the cooling process. 

To get the best results in the crystallizer station it is essential that the 
material, being the massecuite as discharged from the pan, enters the 
crystallizers in the most favorable condition for crystallization by cooling. 
For this purpose due attention has to be paid to the preceding stages of — 
the fabrication process, especially the juice purification and the boiling 
process. The centrifugal station also must be dimensioned and equipped 
to give maximal results as to the separation of crystals and mother liquor 
(molasses). 





tm She oa 


2. Solubility of Sucrose in Pure and Impure Solutions 


An esseatial value, which gives insight into the behavior of a sugar solution 


subject to crystallization, is the degree of supersaturation. It is expressed as 
the ratio 


suctos? % water in the given solution of purity P at ¢° C 





sucrose % water in saturated solution of the same purity P at 7° C 


The solubility of sucrose in impure solutions as compared to the solubility 
of sucrose in pure aqueous solutions is expressed by the ratio 


sucrose % water in saturated impure solution at #° C 








sucrose % water in saturated pure solution at ee 
known as the saturation coefficient. 
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he solubility of sucrose in saturated pure solutions has been determined 
y many investigators. Best known in the sugar literature is HERZFELD’s 
slubility table, which by later investigators was reported not to be quite 
orrect, especially for temperatures exceeding 60° C (see Vol. I, p. 21, 
ction 4a). 


TABLE 1 
SATURATION COEFFICIENTS OF BEETSUGAR SOLUTIONS 


Apparent Saturation coefficients 
Purity 40°C gl Oe ates Tw S05 











100 1.00 1.00 1.00 1.00 1.00 
be 0.98 0.98 0.98 0.98 0.98 
90 0.97 0.97 0.97 0.97 0.98 
85 0.97 0.97 0.97 0.97 0.98 
80 0.98 0.98 0.98 0.99 1.01 
75 1.00 1.01 1.02 1.03 1.07 
70 1.04 1.06 1.08 1.09 1.18 
65 1.08 113 1.16 dead — 
60 Fy 1.20 1.26 1.38 — 





-has long been known that most inorganic salts tend to increase the 
lubility of sucrose while reducing sugars decrease the solubility. A mark- 
| difference will be, therefore, between the saturation coefficients of 
une- and beetsugar solutions because the latter contain almost no 
-ducing sugars in comparison with technical canesugar solutions. 

Table 1 shows the saturation coefficients for beetsugar solutions at differ- 
at temperatures and purities as determined by Grurt. The figures show 
1at when the concentration of inorganic salts increases with decreasing 
urity the solubility of sucrose increases, especially at the higher temper- 
ures. In the higher purity range the solubility of sucrose decreases at 


y»wer salt concentrations. 
STA i ke ee 


SUCROSE 94 WATER IN SATURATED SOLUTIONS (/ = 40° C) 


ee EE 





SCHNELL Brown, BROWN 

Real FRADISS URBAN and H6GLUND SHARP and and GRUT 
ety GEESE DAHLBERG NEES 

[O00 2.38 2.38 2.38 2.38 2.38 2.38 2.38 
95 e259 2.42 DADZ. 2230) DIOZ 2.30 2D 
90 2.45 2.47 230) 2.24 Doe) 2.26 2.30 
85 2.95 D2, 232. 2.20 2.29 225 2.30 
80 2.64 2.59) 235 2A9 231 PPA Did2 
w5 PATS: 2.66 2.40 2.24 29) DDz, Bake! 
70 2.89 SAGs) 2.48 2.36 2.41 2.42 2.48 
65 Bi, 2.87 2.63 2:55 2.62 2.60 2.58 
60 B15 3.02 3.00 Dei — a5 2.70 
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Many research workers have felt the need for reliable solubility figures 
in saturated impure solutions in order to be able to determine the super- 
saturation of a given solution. 

Grut! reviews the result of their determinations in beetsugar molasses 
and reports his own determinations with Danish beetsugar products which 
are shown in Table 2 for a temperature of 40° C. 

This table demonstrates considerable differences between the determina- 
tions of different investigators. Grur’s figures cannot be compared directly _ 
with the data of other sugar chemists since his figures are given for apparent _ 
purities. 

When calculating the supersaturation of a solution with 75.0 purity and 80.0 
dry substance having a sucrose/water ratio of 3.00, the following values 
will be found depending on the solubility table which is used: 


FRADISS 1.09 
URBAN 1,43 
SCHNELL and GEESE 25 
H6GLUND 1.34 
Brown, SHarp and DAanLBeRG 1.28 
Brown and NEEs 1.29 
GRUT heal 


As the nature and the composition of the nonsugars influencing the solu- 
bility of sucrose are variable, generally acceptable solubility figures can never 
be given. Every sugar factory or sugar producing area, if we wish to know 
the solubility of sucrose in its sugar house products, has to determine from 
time to time the solubility values with its own material. But this can only 
be recommended where a sugar country or a sugar company, having a 
number of factories, has its own research organisation for this kind of 
investigations. This kind of study tequires skill in experimental chemistry 
of the investigator, suitable laboratory equipment, and time. 

For practical purposes the absolute value of the solubility figures is 
fortunately not of prime importance for technical control of the crystal- 
lization process as long as always the same solubility tables are used. The 
calculated supersaturations can be compared in this way. The absolute values 
of the supersaturation are not certain at all. 

Table 3 gives a solubility table based on Grut’s figures®, They have been 
determined in beet molasses of Danish origin. McGrnnis3 reports that the 
figures have been found valid, on the average, for American beet molasses, 
although individual deviations may be great in the low purity materials. 

This fact has also been observed by Grur*, who now prefers to use the 
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and JACKSON and SiisBEE® in the U.S.A. at the National Bureau of Stan 
dards. These research men determined the solubility of sucrose in the 
presence of invert sugar. The figures show that invert sugar tends to 
decrease the solubility of sucrose. 

The saturation coeflicients as shown in Table 4 have been calculated by 
THIEME’, using the solubility figures found by JACKSON and SILsBEE. 


TABLE 4 
SATURATION COEFFICIENTS OF SUCROSE-INVERTSUGAR MIXTURES 











Ge (ee: aN lad 
Purity Sucrose/ Saturation Purity Sucrose/ Saturation 
water coefficient water coefficient 
79.0 196.0 0.89 84.6 243.7 0.94 
70.0 187.6 0.86 70.4 228.4 0.88 
62.3 180.9 0.83 58.8 215.1 0.83 
Bik 168.4 0.77 43.7 196.4 0.75 
40.5 Boe BS | 0.70 & 190.8 0.73 
31:6 147.9 0.68 
24.2 137.8 0.63 


The purities have been calculated as the ratio sucrose/sucrose + invert sugar. The in- 
fluence of inorganic nonsugars on the solubility of sucrose has not been taken into” 
account. 


TABLE 5 
SOLUBILITY TABLE OF CANESUGAR AT DIFFERENT REAL PURITIES AND DIFFERENT TE 


i purities 


100 | 98 | 96 | 94 | 92 | 90 | 88 | 86 | 84 | 82/80 78 | 76 | 74 | 72 | 70| 68m 


211 | 209 | 207 | 205| 203 | 201 | 199 | 197 [196 | 194 [192 | 190 | 188 | 186/184 | 182 180 | 178 
28 | 215| 213/211 | 209 aE 205 | 203 201 199 | 197 = 193 |191 | 188 | 186] 184 
1193 | 191 | 189 | 


















































182 | fi 
|193 | 191 | 189 [187 | 185] 
32 | 220 se ee aie [a0 212 a 203| 201 | 191 | 189 | 187 
34 | 226] 224 | 222 | 220 [218 [215 | 213 207 | 205 a 201 | 198 | 196 | 194 192 | 190 
36 | 230] 228 | 226 | 224 | 200 | 219 | 209 | 207 | 204 | | 4 
38 | 234| 232 aaa = 221 | 219 | 217 | 215 [212 | 210 | 20a 1 


[225 | 223 [221 | o18 [are [214 


42 | 243 ies 238 [esl 28 233 fa |224 | 222|220 [218 | 216 | 
24 | 248 | 244 | 242 | 240 |238 |236 | 233 [231 | 229 | 227| 225 | 222 | 220 
























213 | 
218 





46 | 252 | 249 | 247 | 245 | 243 | 240 238) | 236 | 23.4 231 | 229 | 227 225 | 223 | 
48 | 257 | 254 | 247 | 245 | 243/ 241 238 | 236] 234 232 | 229 | 227 | 225 


262| 260/258 | 255 [253 [251 | 248 | 246 | 244 | 2ai | 239 | 237 | 234 | 232/230] 
2 


52 | 268] 266 | 258 | 256 | 254/ 251 | 249 | 247 | 244 242 | 239] 237] 235 
24 | 274 | 271 | 269 | 266 | 264 | 262 | 259] 257 | 254 | 252 | 49 | oa7 | 






















36 | 280] 277 | 275 | 272 | 270 | 267 | 265 | 262 | o59 | 257 | 254 | 252 
58 | 286] 283 275 [273 | 270! 267 eee eet 28 259 | 257 [2 
| 60 | 293 | 200 | 287 [284 | 282 | | 276 | 273 | 270 | 268] 265 


62 | 300] 297 | 294 | 201 [288 [286 | 283 | 280 [274 
64 | 307| 304 | 301 | 298 [205 [292 | 280] 286 | 283 | 280 277 | 274 [271 | 268] 




























66 | 315 | 312 | 309 | 305 | 302 [299 | 296! 203 [289 | 286 283 | 280 | 
68 | 323] 320] 316 | 313 | 309306 | 303] 209) 2961 203 289 | 286 |: 


| 70 | 331 | 328] 324] 3201317 Iais | 310 | 306] 303 | 209) 306 | 310 | 306] 303 | 209) 299 | 296 
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determinations by vAN DER LINDEN 


TABLE 5 
HE FIGURES OF T. VAN DER LINDEN AND F. JACKSON AND C, GILLIs SILSBEE 


purities 


| 164 | 162 | 160 | 158 


Ue 
156 | 154 150 | 146 | 144 6 








166 | 164 | 162 


167 | 164 


160 
162 


172 | 170 
Wa | 172 
175 


180 | 178 


152 143: |°2 
158 | 156 | 154 | 152 148 | 146 | 145 | 28 


160 


160 | 154 | 152 





184 | 182 | 


163 | 157 | 156 | 15 





187 


166° 





191 | 189 | 186 





170 


192 | 190 | 188 | 186 181 | 179 [177 | 175 171 | 170 | 168! 167 
¢ 42. 


185 | 183 


177 | 176 1173 | 172 | 





189 | 187 


1a1 | 180 | 178 | 177 | 176 





194 | 


191 


186 | 184 183 | 182| 181 











195 





23 | 220] 218 208 | 206 


190 | 188 | 187 | 186 








27 | 224| 222 | 219 | 217 | 215 | 212 | 210 | 




















| 198 

202 | 201 | 
| 208 | 207 | 206 
213 | 211 


1215 | 214 | 213 | 213 | 213 


218 | 218 | 62 





49 | 247 | 244 | 241 | 238 | 236 | 233 | 231 


227 | 226| 225 | 224 | 223 | 223] 222 | 222 | 64 
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The solubility of sucrose in saturated final molasses, containing varying 
amounts of invert sugar and inorganic nonsugars, has been determined 
by the Experiment Station of the Hawaiian Sugar Planters Assoc., in 
Honolulu®. 

The object of these studies was to determine the exhaustibility of final 
molasses in the Hawaiian Islands. The combined influence of invert sugar 
and inorganic nonsugars on the solubility of sucrose in final molasses is 
expressed quantitatively by the glucose/ash ratio. Fig. 12/1 shows how, 


is 


according to Hawaiian studies, the solubility varies with the glucose/ash - 
ratio. The higher this ratio, the lower the solubility of sucrose, and the — 


better the exhaustibility of the final molasses. 


3. The Rate of Crystallization of Sucrose 


The rate of crystal growth of sucrose, i.e. the quantity of sucrose crystal- 
lizing per unit time per unit of crystal surface, is determined mainly by 
two factors; firstly the rate of diffusion of the sugar molecules to the faces 
of the crystals, and secondly the rate of attaching the sucrose molecules into 
the crystal lattice. 

KUCHARENKO and co-workers® suggested that the crystallization process 
is controlled by the rate of diffusion only, and is a purely physical phenom- 
enon. He neglected the second factor, assuming that the attaching of the 
molecules to the lattice of the crystal faces is very rapid in comparison with 
the rate of diffusion. For a diffusion-controlled process the law of Fick is 
applicable: 


de 
rien sige di 
x 


where ds is the quantity of material diffused across a cross-section of gina 

; de 

time d¢ under a concentration gradient of ae where dx is a short distance. 
Oy 


The value of the diffusion coefficient D is given by the relation of Hin- 
stein-Stokes: 





te eee 
D=-—-: 
N 6rmr 
where 
R = gas constant 
7 = absolute temperature 
N = Avogadro’s number 
r = molecular radius of the diffusing substance 


= viscosity of the solution 
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oyEs and Wuirney!? assumed that the diffusional resistance is confined 
) a comparatively thin film surrounding the crystallizing solid, since 
ynvection currents equalize the concentration in the bulk of the liquid. 
Low viscosity and vigorous stirring attenuate the film, decrease the diffu- 
onal resistance and will increase the rate of crystal growth; while high 
iscosity and poor agitation will decrease the rate of crystal growth be- 
use the diffusion layer will then be relatively thick and the diffusion 
focess accordingly slow. Noyrs and Wurrney assumed the rate of crystal 
‘owth to be proportional to the crystal area O and to the concentration 
adient C-Cs: 

de 

4 = K:2(e — c) 
here 


de 
7. = rate of crystal growth 


C = concentration in the bulk of the solution 


C's = saturated concentration of the solution 
at the interface of crystal and solution 
K = a proportionality constant 


is assumed that the rate of diffusion controls the process so that K. OQ must 
> proportional to D or 


; Oabenes 
Rif) 4 

UCHARENKO determined the rate of crystal growth in pure sugar solutions 

t a degree of supersaturation up to about 1.1 and temperatures up to 70° C. 

he degree of supersaturation of the solution was expressed in a different 

ay as 


sugar % solution at ¢° C 





sugar % saturated solution at ¢° C 


contrast with KucHAaRENKO, VANHook!! suggested that the rate of 
ystal growth is controlled by the second factor, resp. the fitting of the 
olecules into the crystal structure. The diffusional resistance is negligible 

comparison with the transfer of sucrose molecules from the dissqlved 
ate into a solid state. He showed that the data of KUCHARENKO, with the 
centration expressed in a molecular form, are in good agreement with 
first-order interfacial reaction with an operating factor accelerating the 
te of crystallization at higher supersaturations and temperatures. 
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Very good results and simple mathematical equations were obtained 
using ‘activities’ or ‘effective concentrations’ instead of molecular concen- 
trations. The rate of crystal growth can be expressed as 


vel. = K (a — aMM) 
where 


K = specific reaction rate constant per unit reference atea 
aand aMM = ‘activities’ of the sugar solutions, resp. the saturated sugar solution, 


From data in the literature the activities can be calculated for concentrations 
to the saturation points and for temperatures of 0—70° C. 

VANHook presumed it not unreasonable to extend the calculations fo 
concentrations in the supersaturated region. 

If the rate of crystal growth is controlled by a first-order reaction, it is. 
independent of the viscosity and the stirring intensity of the sugar solution, - 

VANHook added gum acacia to a supersaturated solution of sucrose, sO. 
that the viscosity was four and twentyfive times the viscosity of the pure 
solution; the rates of crystallization were 98, resp. 99°% of that of the pure 
solution. This means that within the experimental error there was no effect 
of the viscosity. 

Doss and Guosn? investigated the rate of growth of sucrose crystals 
suspended and rotated in a solution of constant supersaturation at 35 and 
Boi Ge 

The addition of carboxy methyl-cellulose to the solution, thereby in- 
creasing the viscosity ten-fold, hardly effected the rate of crystal growth; 
however caramel increasing the viscosity by 10° decreased the crystalli- 
zation rate 20%. 

Thus certain types of impurities affect the crystal growth far more than a 
high viscosity caused by viscous high molecular substances. 

AFFERMI}8 showed that nitrogen compounds inhibite the rate of crystal- 
lization of sucrose. The inhibitory effect decreases in the sequence: aspartic 
acid, glycocol, aspargine, leucine, betaine and trimethylaminechloride. The 
inhibitory effect of all these substances increases with their concentration 
up to about 4-6 %. A higher nonsugar concentration produces no additional 
retarding effect on the rate of crystallization. A mixture of the nitrogen 
compounds in the proportions in which they occur in beet molasses added 
to a supersaturated solution of sucrose shows that the inhibitory effect 
closely resembles that obtained with pure aspartic acid. This seems to 
identify this substance as one of the principle inhibitors of the crystalli- 
zation rate in beet syrups. However, although the rate of crystallization may 
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e retarded specifically by the nitrogen containing nonsugars, the end results 
‘€ not so wide apart. In the presence of lime the nitrogen compounds, 
hich have an acid character, lose much of their inhibitory power, whereas 
10se of basic or neutral character, like betain and trimethylamine which 
© not combine with lime, lose none of their crystallization-hindering 
toperties and maintain relatively the strongest inhibitory effects. 

VANHooxk!* investigated the effect of both electrolytes and non-electro- 
tes, especially those found in natural cane and beet juices, e. eR SOF 
nino acid-salts, aconitates, invert sugar, betaine, raffinose, pectins, etc., 
n the rate of sucrose crystallization. He studied combinations of these 
ontaminants imitating natural massecuites and concluded that generally 
| these materials depress the rate of crystal growth. 

SMOLENSKI and ZELAzNy!5, 16 determined the time required to throw 
ut 75% of the crystallizable sucrose from solutions with different purity 
- the same temperature. They found primarily a large depressing effect 
n the rate of crystallization of sucrose caused by lowering the purity, resp. 
1 increase in the nonsugar concentration. 

They found that the rate of sucrose crystallization in a solution of 95 
urity is about one half and in a solution of 80 purity is about one ninth 
f that of a pure sugar solution for the same supersaturation. 

SILIN?’ showed that the rate of crystallization of sucrose in a beetsugar 
lution of 55 purity is about 64 times slower than in a pure solution. 

VANHook suggested that the rate of stirring had only a slight effect 
a the rate of crystallization. Carefully constructed observations on the 
fect of the intensity of stirring on the rate of crystal growth confirm the 
lea that diffusion in solutions of purities above 90 is more rapid than 
rowth and therefore is not rate determining. 

Doss and GuosH!” showed that the rate of rotation of a crystal of sucrose 
om 2 to 11.5 r.p.m. in high purity solutions had no effect on the rate of 
crystal growth. 

VaANHook!! showed that the increase of the rate of crystallization with 
le temperature at a given supersaturation is higher than would be antici- 
ated for a diffusion process, but is consistent with a first-order reaction. 

He concludes that a complete examination of the diffusion rate of 
icrose at high concentrations would decide whether the controlling 
ep in the crystallization might be an ordinary physical process or an 
ctivated’ one. 

If the rate of diffusion is neglected, the viscosity and rate of stirring of 
1e solution have a secondary effect on the rate of crystallization in practical 
rocesses. In cooling of massecuites the heat transfer rate determining the 
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decrease in temperature per unit of time is influenced by the viscosity and 


the rate of stirring. 
The motion of the solution (mother liquor) relative to the crystals is 


dependent on the rate of stirring of the solution. 


The theory of the rate of crystallization is not far enough advanced 


to state in positive terms how the practical crystallization must be conducted, 
The published data only have a qualitative value for sugar house practice, 


TABLE 6 


RATE OF CRYSTALLIZATION FOR STANDARD LOW RAW FILLMASS AT VARIOUS SUPERSATURA- 
TIONS AND TEMPERATURES 











Tempe- Crystallization rate (g/sq. m./h) at supersaturation of 
rature 
a © 1.22 1.28 1539 1.49 ey | 1.59% 

65 2.10 — —< es = = 
64 1.50 — — “a = = 
63 — 2.25 _ = aaa = 
62 Lely 2.15 — — — =a 
60 1.02 1.82 — 2.49 — — 
58 0.88 1253 — 2.46 — — 
56 0.76 1.34 — 2.43 — = 
54 0.65 peg Be) 2.01 2.40 = 
52 0.54 1.04 1.66 2.38 — = 
50 0.42 0.89 1.49 Oe he) 2.39 = 
48 — 0.73 1.36 Pees 1:93 1.61 
46 — 0.58 1.24 2.29 Ee ¥ 1.32 
44 — 0.44 1715 2.26 las 1.06 
42 _- — 1.04 2.24 1.09 0.84 
40 _ — 0.97 2.21 0.90 0.66 
38 _ — 0.89 2.18 0.76 0.53 
36 — — 0.83 2.14 0.64 0.43 
34 — — — 2.11 0.55 = 
33 = — — 2.09 -- = 


McGinnis and Somers More! determined the rates of crystallization 
at various temperatures and supersaturations for the crystallization of low 
purity raw beetsugar fillmass, which are of importance for the control of 
tapid crystallizers. The figures given in Table 6 show an optimum rate of 
crystallization for a degree of supersaturation of about 1.5. The supet- 
saturation is expressed as 


sugar % water at #° C 





sugar % water at saturation at ¢° C 


This optimum may be explained in two ways: 
(1 )SLE the crystallization process is controlled by the rate of diffusion, 
the rate is proportional to the degree of supersaturation and inversely pro- 
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ortional to the viscosity of the solution. For a degree of supersaturation 
xceeding 1.5 the increase of viscosity will be greater than the increase in 
upersaturation and the rate of crystallization decreases. 

(2) If the crystallization process is controlled by a first-order interfacial 
eaction, the optimum value may be caused by a decrease of the ‘activity’ 
f supersaturated solution with the increase of the concentration of sucrose. 

The figures of the table are remarkable because they show that at a certain 
ptimum supersaturation, the velocity of crystallization is quite appreciable, 
ven in the low temperature ranges. 

The value found for the supersaturation depends on the solubility table 
yhich is used. The absolute values, however, are not so important. By 
areful analyses under known operational conditions, the optimum super- 
aturation may be found for practical sugar house work. 


4. History of the Crystallizer Station 


a the early years of the sugar industry it was common practice to discharge 
1c contents of the vacuum pans into open storage tanks whether being 
rained boilings or concentrated molasses. The mass was left to itself to 
ool and crystallization of sucrose took place. Generally it was accepted 
at motion would disturb crystallization and prevent the formation of a 
niform and large size grain. By the absence of any circulation, however, 
great deal of the crystallizing sucrose was not deposited on the crystals 
lready present, but local oversaturation was responsible for the spon- 
ineous formation of fresh crystal nuclei. 

The so called false grain left the centrifugals with the molasses and was 
»st in the final molasses. The crystal yield gained by crystallization resulting 
om undisturbed cooling was not what it is under proper technological 
onditions. In the last century, sugar was already obtained by a graining 
rocess in the vacuum pan, where crystallization certainly occurred in 
1otion. It was not consistent to assume that motion would disturb crys- 
lization in a sugar solution subject to cooling. 

In 1884 WuLrr in Germany obtained a most fundamental patent in which 
is ideas about crystallization in motion and simultaneous cooling were 
escribed. From here on the gradual introduction of crystallizers provided 
ith stirring equipment started in the sugar industry over the whole world. 
he introduction of crystallization in motion was a step forward in sugar 
wanufacture. 

The advantage of stirring is that the massecuite is kept in uninterrupted 
1otion so that the sugar crystals move freely in the mother liquor and 
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come continually in contact with still unexhausted supersaturated molasses, 
The sucrose in supersaturated condition can crystallize on the existing 
crystals and will have less tendency to form new nuclei. The stirring” 
mechanism also assures a more even temperature in the crystallizer, as the 
massecuite cooled off against the outer wall is mixed regularly with the 
warmer massecuite in the center. } 


5. Types of Crystallizers and Cooling Systems 


A concise review will be given of some of the many crystallizer types and 
cooling systems which have been proposed 
and used in the sugar industry during the 
course of past years. 

Most commonly used and found in almost 
every sugar factory are the O-and U-shaped 
crystallizers as represented by Figs. 12/2 
and 12/3. They are provided with a stirring 
gear in the form of a helix which slowly 
revolves in the massecuite. Heat exchange 
to the surrounding air is slow. The helix 
sweeps at some distance of the crys- 
tallizer wall so that with high purity mas- 

——___ secuite a crust of sugar crystals will be 

Fig. 12/2. O-type crystallizer. formed against the inner wall decreasing 
the heat exchange. 

If the helix would nearly touch the wall, sugar crystals would be pulver- 








UOT TTT 








Fig. 12/3. U-type crystallizer. 


ized, which is not permissible under any condition. The desirability to 
shorten cooling time has brought into existance a great number of cooling 
systems mostly using water as a cooling medium. It must be stressed that 
cooling systems have been not always constructed taking into account 
the high mechanical forces, which must be overcome when the heat ex- 
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hange surfaces revolve in cooled massecuite of stiff consistency. In many | 
ases this leads to breakdowns and water leakages which destroy the effect 
f cooling. Forced cooling of massecuite can be effected either by air or 
y water as a cooling medium. The water cooled type is mostly in use. The 
allowing water cooled systems can be distinguished. | 

(a) Water cooling along the outside wall 
f the crystallizer shell. As may be seen 
rom Fig. 12/4 the outside wall of the 
rystallizer is cooled by a thin water 
Im which flows over the whole length 
f the crystallizer wall. This con- 
‘ruction is inexpensive but not efh- 
ient when short cooling times are 
esired. It is still in use in many sugar 
ctories. The outer shell must be 
leaned periodically because formation 
meeec and pepe Ons oe ete Fig. 12/4. Crystallizer cooled along 
es from the cooling water will dimi- outside wall. 

ish the heat transfer. It must be men- 

oned in this respect that a water-jacketed crystallizer must be condemned 
ince cleaning in most cases will be practically impossible. After some time 
1e water-jacketed crystallizer will be transformed in a heat insulating rather 


yan a heat exchanging surface. 
a | | 
} 2 | 
ym 


(b) Stationary tubes. Two examples of this type are illustrated in Figs. 12/5 
| | 
\\ 
i ta 
Fig. 12/5. Cooling system with stationary tubes. (VOLKERT) 
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nd 12/6. The cooling tubes have a fixed position and several nests of these 
ibes can be distributed over the whole length of the crystallizer. In the 
paces between the nests, paddles are revolving in order to keep the masse- 
nite in motion thus preventing the danger of local overcooling. The cooling 
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surface that can be installed is comparatively small and short cooling cycles 
cannot be expected. 

(c) Revolving tubes. Some constructions are shown in Figs. 12/7, 12/8 and 
12/9. Many more Cooling systems of the revolving tube type exist, most of 
which have in common that on rotation through the massecuite the cooling 
system will encounter a high resistance 
especially in the lower temperature ranges 
of low purity massecuites. They should 
therefore be of a sturdy construction to 
prevent breakdowns and water leakages 
caused by deformation of joints and 
flanges. 

(d) Stationary discs. A type of this cooling 
system, which is not so common as the 
tubetype, is illustrated in Fig. 12/10. Half 
the number of cooling elements is adjust- 
able in a vertical sense in order to fix these 
elements in the most favorable position. 























Fig. 12/6. Cooling system with sta- 
tionary tubes. (KopKE) nately underneath and over the top of the 


cooling elements, while paddles between 
the elements take care of the motion in the massecuite. This crystallizer may 





—_ 


The massecuite is forced to flow alter-_ 


be used either as an intermittent or a continuous type. An attempt has been ~ 


made to prevent incrustations of sugar on the cooling elements by using 


Scrapers sweeping along the discs. 
, . | a . 
Ai 













SONNE 


iy 


Fig. 12/7. Cooling system with revolving tubes. (RAGOT-TouRNEUR) 





Warm or cold water inlet 


Water outlet + 









(e) Rotary discs. In Fig. 12/11 a rotary disc type is shown. On rotation 
the thin cooling elements will cut through the massecuite and therefore 
encounter a small resistance. This type of crystallizer is used mostly in a 
continuous way, cooled water being applied in counter-current, 
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Fig. 12/8. Cooling system with revolving tubes. (KARLIK-CZAPIKOWSKY) 











water 
outlet 











water inlet 





Cooling 


Fig. 12/9. Cooling system with revolving tubes. (HERRISON) 
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Fig. 12/10. Cooling system with stationary discs. (Ned. Ind. Industrie) 
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Fig. 12/11. Cooling system with revolving discs. (Werkspoor) 
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Fig. 12/12. Revolving crystallizer with stationary tubes. (LAFEUILLE) 


(f) Revolving crystallizers. The crystallizer as shown in Fig. 12/12 is provided 
with stationary cooling tubes. By the revolving action of the whole crys- 
tallizer a good mixing of the massecuite is realized. 


6. Construction Material and Shape of Cooling Elements 


In most cases the construction material used for stationary and moving 
cooling elements is steel. The objection against the use of steel is that it is 
subject to corrosion, which in the long run will greatly diminish the heat 
transfer. Although the cost of non-corrosive materials is higher, it is always 
worth while to consider the advantages of using such materials. If steel 
is used, it is recommendable to coat tubes or discs with a corrosion resistant 
layer, as e.g. by tinning. 

The shape of cooling elements is important in view of the resistance being 
encountered by the cooling elements revolving in the massecuite. Revolving 
discs show for the same heat transfer area far less resistance than revolving 
tubes, especially when these are mounted parallel to the axis of rotation. 
In such a case it would be an improvement to use tubes of an elliptic shape 
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stead of cylindrical tubes, suchas proposed by HoniG}88, Apart from smaller 
sistance, it is also claimed that the heat transfer would be increased. 


7. Heat Transfer Coefficients for Different Types of Massecuite 


he professional sugar literature does not contain a great number of data 
n heat transfer and heat transmission coefficients in crystallizers. The 
xperiment Station for the Java sugar industry determined the total heat 
ansfer for massecuites of high purity (over 70) in two different types of 
ystallizers, using water as a cooling medium. They were both newly 
stalled and had perfectly clean surfaces, free from scale and corrosion 
roducts on the massecuite as well as on the water side. The two systems 
sed were the LaFEurLite and the Werxspoor crystallizer. As standards 
yt the average total heat transfer in massecuites with a purity higher than 
) in a temperature range of the massecuite of 70-40° C was found 30-50 
U/sq. m/°C/h. The greatest value has been found for the highest temper- 
ures of the massecuite to be cooled. 

VENTON?® determined overall coefficients of heat transfer in WERKSPOOR 
ystallizers, treating final massecuites of about 60 purity. He reports the 
lowing figures (Table 7). 


TABLE 7 
OVERALL COEFFICIENTS OF HEAT TRANSFER IN WERKSPOOR CRYSTALLIZERS 


Overall heat 








transfer eae 
Factory coefficient Bee 
cal/sq. m./°C/h 
MorETON 24 0.3 
PLANE CREEK 98 0.8 
PLANE CREEK US 0.5 


a sss 


he rotating speed of the cooling elements has a significant influence on 
e heat transfer coefficient. 

BRUNELLI2° determined the overall heat transfer coefficient in a WERK- 
oor crystallizer, treating final beet massecuites, and found average figures 
° 25 cal/sq. m/°C/h. 

Bercé and Srorms?! report an overall heat transfer coefficient of 25 
I/sq. m/°C/h in a water cooled crystallizer equipped with stationary 
-form cooling tubes treating final massecuites. . 
Honic22 calculated the average overall heat transfer coefficients for 
fferent types of heat exchange surfaces that can be distinguished in modern 
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crystallizers, treating after product boilings in cane sugar mills (purities 
58-62), and arrived at the conclusions as shown in Table 8. 


TABLE 8 
AVERAGE OVERALL HEAT TRANSFER VALUES (IN CAL/SQ. M./°C/H) OF DIFFERENT TYPES 
OF HEAT EXCHANGE SURFACES IN CRYSTALLIZERS FOR C-BOILINGS, OUTSIDE AIR TEMP, 
25-30° Cc, TEMP. COOLING WATER 25° C 








nee Caries __ Massecuite Outside ' Moving 
mie i wall/ varies sutface/ varies wall/ varies oon 
massecuite in still fan still caer water from b g 
crystallizers - if spra ‘ous 
to be cooled a Y ae 
70 3 (2-5) 5 (4-10) i (5-1) 40 
65 2.7 (2-5) 5 if 30 
60 2.4 (2-5) 5 Ff, 25 
55 PAD (2-4) 5 6 BA 
50 1.8 (1-3) 4 5 20 
45 1.5 (1-3) 3 + 15 








These values can be from 0.3 to 1.5 times the given figures, depending on 
the viscosity of the molasses to be cooled and on the form and the speed of 
rotation of moving cooling elements with clean surfaces. For stationary 
cooling tubes the data given in this column have to be multiplied by 0.3-0.4. 

The data as given in Table 8 cannot be taken as absolute standards, as 
they will be influenced by a number of conditions existing at other sugar 
factories. They can be used, however, to calculate the heat transfer perfor- 
mance of crystallizer stations to be installed. The cooling effect of crystal- 
lizers can be increased by free circulating air, eventually a forced air circu- 
lation, and a perfect cleanliness of the outer and inner surfaces to prevent 
any kind of resistance against the flow of heat. 


8. Speed of Rotation of Cooling Elements for Different Types 
of Massecuite 


In most cases, the cooling elements revolving in the massecuite act at the 
same time as stirrers. It is to be doubted whether the speed of rotation and 
the rate of stirring between the limits as applied in practice have much in- 
fluence on the rate of crystallization. 

VANHOook?3 in his studies about crystallization of sucrose comes to the 
conclusion that the rate of stirring has only a slight effect on the rate of 
crystallization. 

. TVERDOCHLEBOV"! reported a case where the crystal yield was even 
increased by lowering the rotation speed of the crystallizer stirrer from 1 to 
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.36 r.p.m. The object was to be able to treat massecuites of high viscosity 
yhich as a rule will have a low water content. 

Rotation speeds in practice will vary from about 0.3-1.5 r.p.m.; the speed 
mainly determined by the physical nature of the massecuite to be treated. 
is a tule, high purity massecuites with a low viscosity will allow higher 
peeds than low purity massecuites which, especially in the lower temper- 
ture range, can be very viscous. 

There is, however, a definite influence of the speed of rotation of cooling 
lements on the heat transfer. 

HontG?°, using data collected at different sugar factories, has made 
alculations showing the relation between speed of rotation of cooling 
lements and transitional specific heat transfer: cooling element-massecuite. 
‘he figures arrived at are based on the same type of molasses (with a 
iscosity of + 800 poises at 30° C and + 170 poises at 40° C) at a temper- 
ture of 35° C and cooling water of 25-30° C. They are shown in Table 9. 














TABLE 9 
FFECT OF RELATIVE SPEED OF COOLING SURFACES ON THE HEAT TRANSFER COEFFICIENT 
Relative speed of cooling Heat transfer 
surface-massecuite coefficient 
in cm/sec cal/sq. m./°C/h 
0 13 
0.8 22 
1.6 29 
2.5 34 
a 40 
5.0 46 
6.7 53 
8,3 60 
10.0 63 
pe Pe 67 
13.3 70 


With regard to a good heat transfer it is important to use rotation speeds 
s high as practically possible. 


9. Crystallizer Drive and Power Consumption 


n modern sugar factories every crystallizer should be driven by its own 
notor which must be provided with a watt meter. In this way a regular 
ontrol on power consumption is possible. When the power consumption 
ises too high, massecuites can be diluted with water or diluted molasses 
n order to prevent breakdowns. As the heat transfer is influenced by the 
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speed of rotation of the cooling elements, it would be a technical advantage 
if each crystallizer were provided with a gearbox with variable speed so 
that the rotation speed of the cooling elements could be adapted to the 
changing condition of the massecuite during the cooling process. The 
higher speeds could be used in the beginning, while lower speeds could 
be applied when the power consumption is rising. This method does not 
apply to continuous cooling methods where conditions, once the system is 
operating, will be more or less constant. 
In the literature the following data are given for the required power to 
be installed per 100 hl crystallizer content. 


NoeE.t DEERR?® 0.30-0.35 h.p. 


TRomp?? 0.6-1 hip. 
Hucor™ 0.66 h.p. 
EMMEN”? 0.5-1 hp. 


Honic-ALEwljn*® = 0.5-3 hp. 


For high purity boilings 1 h.p./100 hl as power to be installed will be suffi- 
cient. With the existing tendency to obtain a better exhaustion of the final 
molasses by reducing the water content as much as possible, the power 
to be installed for crystallizers treating final massecuites may even exceed 
the highest above mentioned figure. HontG3! has given the following 
formula by which it is possible to make a fairly accurate estimate of the 
power consumption of crystallizers using cooling systems: 


(rmi1 X O; + rme X O2:) X 2 x P 








power consumption in horse power = 


425 10% 
wherein 
‘mi = mean distance of heat exchange elements from axis of rotation in cm 
O, = heat exchange surface in sq. cm 
n = number of rotations of heat exchange element per hour 
“m2 = mean distance of stirring elements in cm 
O, = surface of stirring elements in sq. cm 
P = viscosity of massecuite (molasses) to be cooled in poises. 


10. Crystallizer Control and Control Instruments 


A careful control at the crystallizer station is essential in order to judge 
the efficiency of the crystallizers. Certain data must be collected and recorded 
at regular intervals. 

(a) Sapersaturation. The main value which will give an indication of the 
behavior of a sugar solution subject to crystallization is the degree of super- 
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aturation. In modern pan boiling it has become a firmly established practice 
o guide the boiling process by constant determination and recording of 
he supersaturation. The same should be done in guiding the crystallization 
rocess in the crystallizer. The rate of cooling should keep pace with the 
ate of crystallization. Too rapid cooling may lead to false grain formation 
yr result in a high supersaturation with a reduction in the rate of crystalli- 
ation. Too slow cooling may result in a rate of crystallization not optimum 
or good factory efficiency. 

The supersaturation can easily be determined indirectly by measuring 
he electric conductivity. It is advisable to provide each crystallizer with an 
lectric conductivity meter. In order to be able to interpret the conductivity 
lata into degrees of supersaturation, from time to time a determination of 
he supersaturation should be made in the laboratory. This can be done by 
aking a sample of the mother liquor from the crystallizer e.g. by means 
of a ‘nutsch’ or separated in a laboratory centrifugal. The temperature at 
he time of sampling must be taken, the molasses analysed in the laboratory 
yn sucrose content, brix and purity, and with the aid of a solubility table 
he supersaturation can be calculated. 

A rapid method to determine the supersaturation is the use of the saturo- 
cope. With this instrument the saturation temperature of a molasses can be 
neasured. 

Although slightly incorrect, it can be assumed for practical purposes 
hat the relative solubility of sucrose at different temperatures is constant 
‘or solutions of different purities. When the saturation temperature of a 
siven solution is known the supersaturation can be calculated by the ratio 


solubility of pure sucrose at saturation temperature 





solubility of pure sucrose at actual temperature 


The saturoscope is also used for the determination of the temperature to 
which a massecuite can be heated safely before the centrifugal process. 
A record kept about conditions of supersaturation during the cooling 
process is important because it will enable one to determine in practice at 
which limit the supersaturation should be kept to obtain a maximum after 
crystallization. 
(b) Viscosity. A knowledge of this value is important because the vis- 
sositv of a massecuite has an influence on the power consumption as well 
aS on the heat transfer. Viscosities should be determined at the different 
stages of the cooling process. In this way standard data for the operational 
conditions regarding concentrations to be maintained can be obtained. 
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Determination of the viscosity can be done with available commercia] 
equipment by direct measurement of the massecuite in the crystallizer, 
e.g. the BROOKFIELD viscosimeter. 

The viscosity can also be estimated indirectly by electric conductivity 
measurement, as there exists a simple relationship between viscosity and 
electric conductivity. The readings of a conductivity meter will provide 
an indication to warn the supervising personnel that the cooling process 
has to be stopped, respectively to be alternated by reheating, or that dilution 
of the massecuite has to be applied in order to prevent breakdowns or 
damage to the cooling system. 

(c) Lemperatures. During the cooling and heating process the temperature 


of the massecuite should be noted at regular intervals as well as the inlet-_ 


and outlet temperature of the cooling water. 

(d) Power consumption. The driving motor of a crystallizer should be 
provided with a watt meter so that the power consumption can be noted at 
regular intervals. 


11. Maintenance of Cooling Systems in Crystallizers 


As with outside cooling water oxygen is introduced, the inside of the 
cooling elements will be subject to corrosion when steel is used as construc- 
tion material. Corrosion products will greatly decrease the heat transfer 
and it is important to prevent corrosion as much as possible. It is advisable 
to apply a closed cooling water system in which water is used having a 
sufficient amount of soda to raise the pH over 10. At this alkalinity the cor- 
rosion of iron is reduced considerably and becomes practically insignificant. 
Whenaclosed cooling water system is used, the heat in the circulating cooling 
water should be removed by a heat exchanger, for which outside cooling 
water must be applied. This cooling water will by its nature be aggressive 
towards iron and steel. This heat exchanger for the circulating cooling 
water can be inexpensive and simple in construction. Care must be taken, 
however, that mechanical and chemical cleaning of the heat exchange sut- 
faces can be performed easily. When no closed cooling system is used the 
inside of the cooling elements should be cleaned periodically. Since many 
cooling elements are not easily accessible for mechanical cleaning, the iron 
oxide scale can be removed by circulating a diluted acid to which an inhibitor 
is added through the elements. For scale removal the inside of the cooling 
system can be washed with hot soda or detergent solutions, circulating 
at high speeds. To a certain extent the formed scale will be loosened and 
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most carried away with the circulating liquid. This will give only a partial 
tect because the corrosion or scale will not be removed completely. 

Honic*? advises considering the possibility of preventing corrosion in 
rater cooled systems by a so-called cathodic protection, which has been 
yund practicable for prevention of corrosion in boilers. After the cam- 
aign or when the cooling system is not in use for a long time, the cooling 
ater remaining in the cooling system should be drained. Provisions should 
e made that this can be executed easily. 


12. Time Needed for the Efficient Cooling of Different Types 
of Massecuite 


he higher the purity of a massecuite, the higher will be the crystallization 
ite. High purity massecuites can be safely cooled in a short time with 
ood crystallization results. For massecuites other than those giving final 
10lasses, cooling times will vary from 3/4—4 hours depending on the purity. 

There is no general agreement as to the rate of cooling for massecuites 
iving final molasses. 

Gittetr?® of Crockett, Cal. (U.S.A.) recommends cooling times of 
0-100 hours for refinery afterproducts. A cooling time of 80 hours is 
snsidered the minimum for a good molasses exhaustion in refineries. 
rystallizers used in this case are the water-jacketed Krxsy type. 

BerG£ and Srorms*4 in Belgium consider cooling times of 36 hours as 
practical maximum for refinery afterproducts. The molasses purity could 
ot be lowered by cooling times longer than 48 hours. The massecuites are 
soled in crystallizers equipped with stationary tubes. 

BRUNELLI?® in Italy recommends cooling times of 20-24 hours for 
eetsugar afterproducts, using the WERKsPooR type continuous crystallizer. 

VenTon?* in Australia, in experiments with continuously working 
JVerKspoor crystallizers for cane sugar afterproducts, reports cooling times 
£ 9-13 hours with satisfactory results on molasses exhaustion. 

McGrxnts3?7 advocates that for beetsugar massecuites during the cooling 
rocess a supersaturation be maintained of which the upper limit is set by 
ilse grain formation. He states that it is difficult to maintain this optimum 
apersaturation with water-jacketed crystallizers. His experience shows that 
y faster cooling crystallization rates may be accelerated as much as five 
t six times. 

Short cooling times can only be applied with cooling systems having 
ufficient cooling surface per unit of massecuite. 
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13. Reduction in Total Massecuite Quantity by Rapid Cooling of 
First Boilings. Simplification of Boiling Scheme 


In experiments carried out by Honitc and ALEw1jn*§ with rapid cooling 
of high purity massecuites, it was shown that the purity of the molasses 
was 5 degrees lower than when these massecuites were cooled for 3 hours 
in ordinary air cooled crystallizers. j 

The effect of rapid cooling of A-massecuite on the total massecuite 
quantity can be shown from the following calculation based on actual 
factory practice. 

Starting from the same analysis figures of boiling house products and 
using the same method of working, a four boiling scheme using ordinary 
air cooled crystallizers has been compared with a three-boiling scheme 
using rapid cooling crystallizers for A-massecuite. 


TABLE 10 
ANALYSIS OF BOILING HOUSE PRODUCTS 


so SSSSSSSSSSSSSSSSSsSSssssssSss 








Four massecuite system Three massecuite system 

brix purity specific brix purity specific 

weight weight 
Syrup 60 84.3 1.29 60 84.3 1.29 
A-massecuite 92 84.3 1.50 92 84.3 1.50 
A-molasses 70 65.7 135 70 60.7 1.35 
B-massecuite 94 72.8 51 — — — 
B-molasses 70 5D.9 1e35 — — — 
C-massecuite 96 64.9 LAS 96 69.9 1.53 
C-molasses 70 45.4 1:35 70 45.4 1 aa 
D-massecuite 98.2 57.1 1.54 98.2 ot fa! 1.54 
Final molasses 97 29.3 — 97 29.3 — 
Seed magma 87.8 84.3 — 87.8 84.3 — 
D-sugar 99.3 84.3 — 99.3 84.3 —_— 


(a) Four-Boiling Scheme 


Straight boiling with 4 massecuites. The D-massecuite is started on a 
footing of A-molasses and syrup, with an apparent purity of 70. The D- 
Sugar is mixed with syrup to form a seed magma. It is assumed that the 


purity of the D-sugar is equal to that of the Syrup and that 80 parts of 
D-sugat are mingled with 20 parts of syrup. 


Calculation. Starting from 100 tons of solids in syrup the amounts of A-, 


-, C- and D-massecuites will be calculated. 100 tons solids in syrup will 


84.3 — 29.3 


yield 98.7203 * 100 = 79.3 tons solids in raw sugar, 


Solids in final molasses will bet0Q:— 79.3309 tons. 
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D-massecuite 


Solids in D-massecuite 


olids in footing 
olids in C-molasses 
olids A-molasses in footing 


olids in syrup in footing 
olids in D-sugar 


7olume of D-massecuite 
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84.3 — 29.3 
Oy Ten ee aT. 
a er 
STiiesh4s4 
A ee ae 1) 
jae shi 
= 41.9 — 19.9 = 22.0 tons. 
84.3 — 70 
Poe gee eens 
mia as 
= 19.9 — 15.3 = 4.6 tons. 
= 41:9 — 20.7 == PAP Awoye ty 
ee 100 = 27.6 980 cu.f 
—— 982 3 1.54 p 4 = AO CUSED OF Chait, 


mea 21.2 
1.2 tons solids in D-sugar will be mingled with ae 0A NT ORS Peat 


olids in syrup and will form 21.2 + 5.3 = 26.5 tons solids in seed magma. 


1-Mmassecuite 

lids in C-massecuite 
olids in C-sugar 
olids in footing 
lids in B-molasses 


Jolume C-massecuite 


3-masseciite 

jolids in B-massecuite 
lids in B-segar 
olids in footing 
lids in A-molasses 


Jolume B-massecuite 


A-massecuite 
solids in A-massecuite 


solids in A-sugar 
solids in A-molasses 


Jolume A-massecuite 











98.7 — 45.4 
= 22.0 x ————_—_. = _ 34.7 tons 
98.7 — 64.9 
= 34,7 — 22 == 1257 tons 
64.9 — 53.5 
= 34.7 x ———_—_— = 12.8 tons 
8437-535 
= 34.7 — 12.8 = 21.9 tons 
Bye) 
= ee 100) = 23.8 cum or 840 cuit. 
O Gna 153 
987 — 53.5 
= 21.9 x SS — 30.2. tons 
98.7 — 72.8 
= 38.2 — 21.9 = 16.3 tons 
72.8 — 65.7 
oe 22, — 14.6 t 
SS PTE TE oe 
= 38.2 — 14.6 = 23.6 tons 
= — tikes — x 100 = 27 cu.mor 960 cu.ft. 
OAR 151 
98.7 — 65.7 
= ‘ a Ee Oe TONS 
(23.6 + 15.3) x 58.7 843 on 
= 89.2 — (23.6 + 15.3) = 50.3 tons 
= 89.2 — 50.3 = 38.9 tons 
89.2 


« 100 — 65 cu.m or 2300 cu.ft. 


~ 92 x 1.50 
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(b) Three-Boiling Scheme 


Straight boiling with 3 massecuites. The same working method as for the 
four-boiling scheme, except that the B-boiling is omitted, while A-molasses 
is drawn into the C-massecuite. A rapid cooling crystallizer is used for 
the A-massecuite, and air cooled crystallizers for C- and D-massecuite. 
The purity of the A-molasses will be 60.7 instead of 65.7. 


Calculation. Starting from 100 tons of solids in syrup, the amounts of A-, 
C- and D-massecuite have been calculated using the purities as obtained 
under factory conditions. Quantities of raw sugar and molasses are the 
same as for the four-boiling scheme. 


D-massecuite 


As for four-boiling scheme, except 








Solids in A-mol in footi ee yam 
aa Ss t = - 4 ~— = ° ons 
olids in A-molasses in footing x 843 — 607 
Solids in syrup in footing = 19.9 — 121 = 7.8 tons 
C-massecuite 
Solids in C it eee es, 40.7 t ; 
i -mas i = —_—— = 40. 
olids in C-massecuite 98.7699 ons } 
Solids in C-sugar = 40.7 — 22 = 18.7 tons 
69.9 — 60.7 
Solids in footi ==, 40.7 3 ———_— _—_._. == 15:94 
olids in footing TC aye ons 
Solids in A-molasses Sa = = 24.8 tons 
Volume C-massecuite = REE x 100 = 27.9 cu.m or 989 cuft. 
A-massecuite 
| ar 98.7 — 60.7 
Solids in A-massecuite == (12-1 24.8) 3: ——— ee, 97: 
AE oe Ga en as: 
Solids in A-sugar = 97.5 — (12.1 + 24.8) = 60.6 tons 
Solias in A-molasses =i). 5) == O06 = 36.9 tons 
Volume A-massecuit 3 100 2520 
= uite = ——_—_ xX = 
92 x 1.50 mh 71.2 cu.m or 


cu.ft. 


Table 11 gives a summary of the quantities of massecuite and sugar for the 


| 
four- and the three-boiling scheme. 
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TABLE 11 


SUMMARY OF QUANTITIES OF MASSECUITE AND SUGAR PER 100 TONS OF SOLIDS IN SYRUP 


I 
Four-boiling scheme Three-boiling scheme 


cu. ft. 




















Cos ih: tons cu. m. cu. ft. tons 
A-massecuite 65 2300 — Ale 2300 — 
A-sugar — — 50.3 — — 60.6 
3-massecuite PH 960 — — == —— 
3-sugar -— — 16:3 _ -- -- 
C-massecuite 23.8 840 — 27.9 989 — 
o-sugar _— -- 127 _ -— 18.7 
)-massecuite 27.6 980 — 2.0 980 — 

143.4 5080 79.3 126.7 4269 79.3 





Reduction in total massecuite volume due to three-boiling scheme = 11.6%. 
[he capacity of the boiling station will be increased accordingly. The two- 
soiling schemes are shown schematically in Figs. 12/13a and 12/13b. 








C sugor 


A sugor 8 sugor 


& Purity fs) Solids 


Fig. 12/13a. Four-boiling scheme with ordinairy air cooled crystallizers. 
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643-1100 






Rapidcooling 
crystallizer 


aver | 
(606-987 


A-sugar C-sugar 


CS Purity [__] Solids 


Fig. 12/13b. Three-boiling scheme with rapid cooling crystallizers for A-massecuite. 


14. Secondary Grain Formation in Crystallizers 


When during the cooling process in high purity boilings the supersatura- 
tion rises to extreme values, fresh nuclei of sucrose will be formed. In batch 
coolers the danger exists that the temperature difference between massecuite 
and cooling water is too high in the beginning of the cooling process. The 
cooling rate will be too fast resulting in formation of false grain. When the 
cooling system consists of stationary cooling elements, local overcooling 
may occur easily if insufficient mixing of the massecuite by the stirring 
elements exists. 

Continuously working cooling systems, where the cooling water caf 
be applied in counter-flow with the massecuite to be cooled, have the ad- 
vantage that the temperature difference between massecuite and cooling 
water is always low and constant during the entire cooling cycle. 

False grain formation should be avoided under all conditions. HontG 
and ALEw1jN®® have shown that small crystals during the crystallization 
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process grow faster than large ones. On the other hand false grain formed 
in crystallizers will seldom grow to a size large enough for proper separation 
from the mother liquor in the centrifugals. Either curing in the centrifugals 
becomes difficult or the small grain will pass partly through the screen with 
the molasses. Thus the effect of aftercrystallization in the crystallizer is 
reduced and, in the case of final boilings, losses in final molasses will be 
increased. 


15. Installation of Crystallizers. The Use of Massecuite Pumps 


A crystallizer must be seen as a heat exchanger; it has to be installed in 
such a position that conditions for heat exchange are as favorable as possible. 
Sometimes, to save floor space, crystallizers are closely built together, 
directly placed on concrete floors and immediately under the vacuum 
pans. Under such conditions cooling times and cooling efficiency will be 
unsatisfactory. 

Crystallizers can be placed on an open floor with grates to assist free 
air circulation. The distance between the crystallizers should be such that a 
good air circulation is always possible. 

When the crystallizers are placed on the factory floor it is necessary to 
pump the cooled massecuite to the centrifugal mixers. Low purity masse- 
cuites especially can be very viscous and pumping becomes difficult when 
the viscosity of the massecuite and molasses is greater than 1500 poises. 
In many cases the massecuite is diluted with water to make pumping 
possible. The application of this practice introduces the danger of redis- 
solution of sucrose and corresponding increased losses in final molasses. 
Crystallizers in which the massecuite cannot be reheated after the cooling 
process should be placed preferably at such a height that transport of the 
massecuite to the centrifugal mixer takes place by gravity. 

If, after the cooling process, the massecuite can be reheated in the crys- 
rallizer to the saturation temperature of the mother liquor, the use of a 
pump is an acceptable technique in most cases because by heating, the vis- 
cosity of the massecuite will be reduced sufficiently to make pumping 
practically possible (viscosities of massecuite and molasses < 1500 poises). 

With continuous cooling systems the possibility of reheating the masse- 
cuite at the end of the cooling cycle should exist; thereby facilitating pump- 
ing. The pumping of cooled last massecuite should be avoided, if possible, 
and after cooling the massecuite should be able to flow to the centrifugal 


mixer by gravity. 


Bibliography p. 484 


484 CRYSTALLIZATION OF MASSECUITES BY COOLING CH. 12 


BIBLIOGRAPHY 

1B, W. Grurt, Reprint Z. Zuckerind. Cechoslov. Rep. (1936/1937), 2, 11. 

2 Condensed from: Many Years of Experience with Werkspoor Rapid Crystallizers, Werk- 
spoor N.V., Amsterdam (1956). 

3. R. A. McGinnis, Beetsugar Technology, Reinhold, New-York, 1951, p. 339. 

4. W. Grout, Zucker, 17 (1953) 411. 

5 T. VAN DER LINDEN, Arch. Suikerind. Ned. Indié, 1 (1919) 591. 

6 R.F. JAcKson and C. Grits SitsBeEE, Technologic Papers Bur. of Standards, 259, Part 
of Vol. 18 (1924). 

7 J. G. Tureme, Arch. Suikerind. Ned.Indié, 1 (1927) 204. 

8 Hawaiian Sugar Planters’ Assoc. Expt. Sta., Special Release, 48 (August 1951). 

9 J. A. KucHARENKO, Congr. Intern. tech. et chim. indus. agr., 3-iéme Congr., Paris, 1934, 
Question IV. 

10 Noyes and WnuitNeEy, Z. physik. Chem. 23 (1897) 689. 

11 A, VaNHook, Jad. Eng. Chem. 36 (1944) 1042. 

12K. S, G. Doss and S. K. Guosn, Proc. Sugar Technologists, Assoc. India 19 II (1950) 
183; C.A. 46 (1952) 7801. 

13 ER, AFFerMI, Ind. saccar. ital. 7 (1934) 319-323; Intern. Sugar ]. 36 (1934) 448. 

14 A. VANHook, Ind. Eng. Chem. 38 (1946) 50. 

1 K. I, SMorensky and A. ZELAzNy, Gaz. Cukrownicza 74 (1934) 303; Intern. Sugar J. 
36 (1934) 448. 

*6 K. I. SMocensxy and A. ZeLazny, Ind. sucr. pol. (1934) 118; Intern. Sugar J. 37 (1935) 318. 

7 P. M. Siuin, Bull. assoc. chimistes sucr. dist. 52 (1935) 364; Intern. Sugar J. 37 (1935) 403. 

** R.A. McGinnis and Somers Moore, Ind. Eng. Chem. 36 (1944) 1042. } 

182 P. Honic, Netherlands Patent Application No. 165338, dated November 14, 1951, 
‘Koeltrog voor het kristalliseren van suikerkooksels’. 

8 J. B. Venton, Bur. Sugar Exp. Stats. Brisbane, Tech. Commun. 1 (1951) 36. 

0 A. BRUNELLI, Ind. saccar. ital. 43 (1950) 75. 

*1 A. BERGE and J. Storms, Swcr. belge 73 (1954) 498. 

2 P. Honic, The technology of crystallizers, Sugar J. 13 (October 1951), 

*8 A. VANHook, Ind. Eng. Chem. 36 (1944) 1048; 37 (1945) 782; 38 (1946) 50. 

*4L. S. TvERDOCHLEBOv, Sakharnaya Prom. (1953) 16. i 

*° P. Honic, The technology of crystallizers, Sugar J. 17 (July 1955). 

*6 Nort DerErr, Cane Sugar, 2nd Ed., Norman Rodger, London, 1921, p. 404. 

7 L. A. Tromp, Machinery and Equipment of the Cane Sugar Factory, 2nd Impr., Norman 
Rodger, London, 1946, p. 521. 

8 BE. Hucor, La Sucrerie de Cannes, Paris, 1950, p. 489. 

*° A.D. EmMen, Rietsuikerfabrieken op Java en hare Machinerieén, 2nd Part, Tegal, 1926, p.96. 

°° Arch. Mededeel. Proefsta., 1929-1931. 

*. P. Hontc, The technology of crystallizers, Sugar J. 17 (July 1955). 





*° P. Hontc, The technology of crystallizers, Sugar. J. 15 (November 1953). 
33. C. Giterr, Low Grade Crystallization, San Francisco, 1948, 4. 34. 

°4 A. BerGé and J. Storms, Swer. belge 73 (1954) 499, 

35 A. BRUNELLI, Ind. saccar. ital. 43 (1950) 76. 

*6 J. B. Venton, Bur. Sugar Exp. Stas. Brisbane, Tech. Commun. 1 (1951) 34. 

87 R, A. McGinnis, Beetsugar Technology, Reinhold, New York, 1951, p. 346. 

88 P. Honic and W. F. ALEWIJN, Arch. Suikerind. Ned.-Indié 3 (1928) 70. 

*® P. Honic and W. F, ALEwrjn, Mededeel. Proefstat. Java-Suikerind. 6 (1930) 44. 


- 


CHAPTER 13 


CONDITIONING OF MASSECUITES IN CRYSTALLIZERS 


JouNn H. Payne 
lead of Sugar Technology Department, Experiment Station, Hawaiian Sugar 
Planters’? Association, Honolulu, Hawaii 


1. Introduction 


Crystallizer processing is a unit operation designed to permit massecuites 
which have been boiled to maximum workable consistency in a vacuum 
9an under near isothermal conditions to continue crystallization at progres- 
sively lowered temperatures. The basic driving force in the process is the 
supersaturation brought about by the decreased solubility of sucrose. Ulti- 
mately, however, for a given temperature, crystallization will cease at 
1 state of equilibrium where the mother liquor is no longer supersaturated. 
The molasses from such a massecuite is called exhausted. The technical 
objective in crystallizer work, therefore, is to approach as closely as prac- 
ricable this exhausted state in a minimum of time. 

Prime considerations in the operations are that crystallization shall take 
place rapidly, that no new crystal nuclei be formed and that the massecuite 
finally be capable of ready separation of sugar and molasses in a centrifugal 
machine. The rate of crystallization depends upon the temperature, degree 
of supersaturation, surface area of the sucrose crystals, and the nature and 
concentration of the non-sucrose constituents. All of these factors influence 
the viscosity which is the limiting physical property in mechanical handling 
and hence governs to a large extent the technology of the process. 

As massecuites are cooled, the diminished rate of crystallization due to 
lowering of temperature is compensated for by the increased rate arising 
from the lower solubility. Viscosity increases so rapidly, however, that 
the practical limit to which the massecuite can be cooled is governed by the 
ability of crystallizer equipment to handle the material. The viscosity at 
this limit, however, is such that the sugar cannot be separated from molasses 
efficiently in the centrifugals. Since, normally, the molasses mother liquor 
is still supersaturated in the massecuite that has reached the minimum tem- 
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perature, the massecuite may be heated to the saturation temperature of the 
molasses for centrifuging without loss of sucrose by solution. As an alter- 
native procedure, water may be added to dilute the molasses to the saturation 
level. Both procedures reduce the viscosity so that separation of molasses 
from crystal becomes more effective. 

Conditioning of massecuites in the crystallizer, accordingly, consists of 


controlled cooling from pan temperatures to a determined optimum tem- — 


perature, followed by resolution of the supersaturation of the molasses, 


Exhausted molasses is rarely obtained because of the variability in composi- — 
. . . . Ui 
tion and complexity of the multiple factors affecting crystallization. Proper 


equipment, instrument control and careful attention, however, will keep 
sucrose losses in molasses to a minimum. 


2. Supersaturation 
(a) Coefficient of Supersaturation 


The degree of supersaturation of a molasses is indicated by the coefficient 
of supersaturation. This is the ratio of the amount of sucrose actually in 
solution at a given temperature to the amount dissolved in a saturated solu- 
tion at the same temperature. The coefficient of supersaturation at a given 
temperature may be calculated from the formula 


Spas1005: 
VLC; 





Ss 


where 


Cs = coefficient of supersaturation 


S = % sucrose in mother liquor 
W = % water in mother liquor 
L = solubility of sucrose in water 


C} = saturation coefficient, i.e., ratio of solubility of sucrose in mother liquor to solu- 
bility of sucrose in pure water. 


As pointed out by Harman", if it is assumed that the saturation coefficient 
does not change with temperature, the equation reduces to 


Et 


8 


where 


Lt; = solubility of sucrose in water at the saturation temperature ¢s of the mother liquor 
Lt = solubility of sucrose in water at temperature /. 
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ixtending the simplification to impure sucrose solutions as found in natural 
yrups and molasses, HARMAN found only small variations. The error in the 
ssumption that the saturation coefficient does not vary with temperature 
s generally in the order of 0.05. Sarnr?? found good agreement between 
he coefficients calculated by the two methods. 


—- 


z 


: 
i 
i 
' 
‘ 





Fig. 13/1. Saturoscope, HSPA. 


this simplified relationship makes possible the analytical determination 
f the supersaturation coefficient with ease, for it is only necessary to deter- 
nine the saturation temperature. The saturation temperature thus becomes 


f basic importance in crystallizer work. 


(b) Saturation Temperature 


*he saturation temperature of molasses in a massecuite is readily determined 
y use of an apparatus in which it is possible to observe the sucrose crystals 
nder gradually increasing temperature. As the saturation temperature is 
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passed, the crystals begin to dissolve as evidenced by rounding of the 
sharp edges. 

Harman! described a saturation cell consisting of a flattened glass cell 
through which heated water is circulated and which is placed on the stage 
of a microscope for observation. Sarnr®® used a simple test-tube arrange- 





Fig. 13/2. Suma saturoscope. 


ment, and Kexty*! a micro melting-point apparatus. The saturoscope 
developed in Hawaii?® is shown in Fig. 13/1. A commercial instrument 
(SuMA) is shown in Fig. 13/2. 


(c) Use of Saturoscope 
The following directions are standard for use of the instrument for masse- 
cuites: 


si Place a small quantity of the massecuite between two micro covef- 
glasses. S ; sn ite i 
g Squeeze them together gently, spreading out the massecuite into 
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thin, uniform layer. Place the micro cover-glasses containing the sample 
_the center of the stage under the glass cover of the saturoscope. 

2. Focus the microscope and adjust the saturoscope until a sharp edge 
t a broken section of a crystal with sharp points is brought into view. 

3. Raise the temperature in the saturoscope about 0.5° C per minute 
y gradually increasing voltage until the crystal under observation starts 
» dissolve. The temperature at which the crystal begins to dissolve marks 
\e temperature to which the material being examined can be heated without 
ising the purity of the mother liquor, and is the saturation temperature. 
vidence that the saturation point has been reached can be indicated by 
arious changes taking place in the appearance of portions of the crystal. 
'a sharp edge is chosen for observation, it becomes wavy or pitted. If 
jagged edge on a broken portion of the crystal is being studied, the sharp 
oints will disappear. 

4. After the saturation temperature has been determined as outlined 
Ove, repeat the test on a second portion of the sample. This time increase 
le temperature rapidly to within about 3° of the saturation temperature 
yund in the first test. Then increase the temperature very slowly until the 
-ystal starts to dissolve. Record this as the saturation temperature. 

The massecuite should not be spread between the micro cover-glasses 
> thin that there is not enough mother liquor in contact with the sugar 
rystals for them to start dissolving when the saturation temperature is 
ached. Spread the massecuite just thin enough so that a sharply outlined 
rystal may be selected. 


(d) Supersaturation in Crystallizer Practice 


heoretically, the rate of crystallization is a resultant of the basic driving 
sce toward crystallization and the opposing forces which impede crys- 
lization. The driving force depends upon the degree of supersaturation, 
1 crystallizer technology, therefore, optimum conditions are those in 
yhich the supersaturation is maintained as high as possible without 
ntering a zone where new crystal nuclei are introduced. Massecuites 
re highly variable in this respect so that no generally applicable conditions 
an be set. 

As cooling proceeds in the crystallizer, the rate of crystallization will 
ecrease due to the temperature effect on velocity unless the degree of 
upersaturation is increased. Sarnr37 pointed out that the velocity of 
rystallization becomes very slow, even at as high a temperature as 68° C 
then the coefficient of supersaturation drops below 1.2. He found that 


bliography p. 508-509 






490 CONDITIONING OF MASSECUITES IN CRYSTALLIZERS CH. 5 


the following values represented approximately equal rates of crystalliza 


tion: 










Temperature Coefficient of 





°G supersaturation 
70 1.25 
60 1.30 
50 1 Be 
40 1.40 







It is evident from these figures that there is no advantage in maintainin 
a constant temperature in the crystallizer for any long period of time for, 
as the sucrose crystallizes out, the supersaturation will drop and the ig 
of crystallization slow down. Proper crystallizer control in cooling requires” 
establishing a rate sufficient to maintain supersaturation as high as prac 
ticable. In practice the supersaturation coefficients of low grade massecuit 
as dropped from the vacuum pan usually lie in the range of 1.10 to 1.2527. 28, 39) 
Little change in these figures is found in the crystallizer during normal opet- 
ation, sucrose crystallizing out at a rate consistent with the decrease i 
solubility as the material is cooled. 

Similar conclusions have been drawn from the results of investigations 
on low grade beet massecuites. McGrxnts, Moore and Atston?° reported 
that a minimum supersaturation of 1.50 was required at low temperature 
in the crystallizer to maintain an adequate rate of crystallization. Other 
investigators have confirmed these findings, 





3. Viscosity 


The dominating factor in crystallizer technology is viscosity. This property 
sets, for the most part, the working condition limits within which pro- 
cessing in the crystallizer can take place. All other influencing factors must 
be controlled, therefore, within these limits. Since the viscosity varies 
extensively with the composition of the non-sucrose constituents, optimum 
operational procedures are attained by adjusting the principal variables, 
temperature and solids content, in order to reach desired viscosity ranges. 

Viscosity relationships in sugar materials have been extensively studied. 
A survey of important Papers in this field was made by Micuetr and 
Dr Gyutay®?, In this section the effect of viscosity on the more important 
factors affecting crystallizer operation will be discussed. 
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(a) Rheology of Molasses and Massecuites 


/iscosity is the resistance to flow of a liquid in moving over itself. The 
init of viscosity is the poise. A liquid has a viscosity of one poise if a force 
f 1 dyne is necessary to cause two parallel surfaces 1 sq. cm in area and 1 cm 
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ig. 13/3. Flow diagrams. a: ideal liquid; b: plastic flow; c: pseudo plastic flow. (From 
ADKINS}), 


part to slide past one another at a velocity of 1 cm/sec. It thus has the di- 
1ensions dyne-seconds per sq. cm. 

For perfect liquids under the same conditions, the viscosity is constant, 
lat is, the velocity is a straight-line function of the force applied. Many 
quids, however, offer an initial resistance to flow and considerable force 
necessary to overcome this. This is termed plastic flow. A third type of 
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Fig. 13/4. Flow diagrams for massecuites (From ADKINs’). 


quid shows an intermediate behavior termed pseudo-plastic flow. These 
ffer no initial resistance and flow starts immediately, but the velocity is 
ow at first and gradually increases to give a constant viscosity. Diagrams 
yr the three types of flow are shown in Figure 13/3 from ADKINs?. 
Apxtns found that molasses exhibits pseudo plastic flow to only a slight 
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degree. For practical purposes, therefore, it is only necessary to make one 
determination of rate of flow under a given force in order to establish the 
viscosity. 

Massecuites show pseudo plasticity to a much greater degree and true 
viscosity values can only be obtained from a series of rate-force determina- 
tions. Fig. 13/4 from Apxrns shows that the extent of the pseudo plasticity 
exhibited by massecuites becomes greater at higher crystal content. 


(b) Effect of Nonsugar Constituents on Viscosity 


Physical conditions being constant, the viscosity of a molasses or massecuite 
depends largely upon the nature and concentration of the non-sucrose 
substances present. There is little quantitative information on the effect of 
various substances. Viscosities do vary widely, however, and relatively small 
quantities of some compounds have a pronounced effect. This is particularly 
true of organic compounds such as the gums, pectins, and other colloidal 
substances. Many inorganic salts likewise increase the viscosity42. As the 
composition is determined by the nature of the incoming juice, nothing 
can be done at the crystallizer station in this regard. It would be of great 
value nevertheless to know the individual and additive effects of the con- 
stituents in order to predict viscosity behavior. 


(c) Effect of Total Solids on Viscosity of Molasses 


The viscosity of molasses increases rapidly with increase in total solids 
content. Although various molasses may differ greatly in viscosity at a 
a given solids content, the rate of change 
with change in solids is similar. 
Fig. 13/5 shows the influence of solids 
as measured by refractometer on 
several Hawaiian molasses. The effect 
of temperature on average viscosity- 
refractometer solids curves for Ha- 
waiian molasses is shown in Fig. 13/6. 

The work of McCLEEry2? on the 
relationship of total solids to viscosity 
in crystallizer studies is illustrated in 


Viscosity in poises 





88 89 90 91 92 93 94 Ps 
7 13/5. Visco solids Fig. 13/% Here are plotted the values 
ig. . Viscosity-refractometer solids i i 
curves of several Hawaiian molasses. from 60 different massecuites at three 
Temperature 50° C. temperatures: 70° C, the time of 
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triking; 49° C, the minimum temperature in the crystallizer, and 57° C, 
1€ Saturation temperature. The viscosity of these molasses approximately 
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ig. 13/6. Average viscosity-refractometer solids curves for Hawaiian molasses at 
various temperatures. 
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g. 13/7a. Massecuite total solids-molasses relationships for 60 different strikes at 70° C 
on leaving pan. (From McCLEEry”’). 
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doubles for each increase of 0.8°% in total solids. The wide variation in 
individual molasses is illustrated, but also shown is the fact that if the 


Viscosity in crystallizer at ° 
49°C minimum temp 
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Fig. 13/7b. Massecuite total solids-molasses relationships for 60 different strikes at 49° C, 
minimum temperature in crystallizer. (From MCCLEERY?”’), 
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Fig. 13/7c. Massecuite total solids-molasses relationships for 60 different strikes at 57° C, _ 
Saturation temperature. (From McCLEERyY?’), 
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viscosity is high leaving the pan it will be high also during the crystallizer 
operation. 


(d) Effect of Temperature on Viscosity of Molasses 


The viscosity of molasses decreases sharply with rise in temperature. This 
is shown in the curves in Figs. 13/5 and 13/6. Although the slope of the 
femperature-viscosity curves for different molasses varies, it will be noted 
that all the curves are smooth and without any abrupt changes in slope. 
This holds true even in the range where the 
molasses passes from the unsaturated to the 
supersaturated state as pointed out by MicHELt 
and Dr Gyutay??, 

A most significant relationship between tem- 
Derature and viscosity exists in that there is, 
or a saturated molasses at given purity, usually 
4 temperature of minimum viscosity. The 
average value of this minimum was found 
Dy 4 McC.eery2?, 28, Micuett and Der 
GYULAY®? and KELzLy?? to be close to 55° C. de 
In Fig. 13/8 from BEHNE* is shown a typical Fig. 13/8. Viscosity-temper- 
series of temperature viscosity curves for a ahs aay meskes 
molasses of the same purity at various total content. (From BEHNE®). 
solids content. 

The three broken lines represent constant saturation and supersaturation 
as indicated. Although the actual viscosities of individual molasses show a 
wide range in value, the minimum viscosity average occurs in the temper- 
ature range shown. This fact becomes a major consideration in the handling 
of massecuites in the crystallizer, and centrifugal and practical operation 
should be directed toward taking advantage of it. 





30 40 SO 60 70 


(e) Relation of Purity of Molasses to Viscosity 


Viscosity in itself apparently has no effect upon the minimum attainable 
purity of a molasses. This means that, as shown by VAN Hooks, artificially 
increasing the viscosity by use of a material such as a gum does not alter 
the exhaustibility. Viscosity does affect the workability of a massecuite, 
however, and due to the interrelationship between viscosity, total solids, 
composition, and temperature, there exists a definite correlation between 
viscosity and purity. 
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This was demonstrated by McCirery2? 28 to be extremely important 
at the saturation temperature. In Fig. 13/9 he shows gravity purity-viscosity 
curves for a typical molasses at various saturation temperatures. From these 
curves it is seen that at the same viscosity lower molasses purities are ob- 
tained at higher saturation temperatures up to 55° C. The vertical distances ] 


Sat’n. temp 
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Gravity purity 
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Viscosity in poises 


Fig. 13/9. Viscosity-gravity purity relationship at various saturation temperatures. 
(From McCteEry?’), 
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Fig. 13/10. Viscosity-true purity averages of KeLty and McCueery. Saturated molasses 
at 55° C, (From Benne‘), 
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between the curves, representing purity changes, are the same at all vis. 
cosities. 

Ketiy*? found a similar correlation on a true purity basis and BEHNr! 
showed that if McCirrry’s figures were changed to approximately the 
same basis the agreement between the two investigators would be extremely 
close. This is illustrated in Fig. 13/10. 

Practical application of this principle can be made in crystallizer operation. 
Average optimum conditions required in massecuite handling are those 
nmecessaty to produce molasses with a saturation temperature of approxi- 
mately 55° C at the maximum viscosity that the massecuite can be handled 
in the crystallizer equipment. For a given molasses the higher the viscosity 
that can be reached, the lower the purity that can be achieved. This does 
not mean, of course, that more viscous molasses gives lower purities than 
less viscous ones. It means only that in every case it is advantageous from 
the purity standpoint to work with as high a viscosity as possible. Crystal- 
lizers should be designed to process high viscosity massecuites. 


(£) Relation of Reducing Substances-Ash Ratio to Viscosity 


The effects of salts in increasing the solubility, and reducing sugars in 
decreasing the solubility of sucrose in final molasses, have been firmly 
established. The relationship between viscosity and purity just discussed 
would indicate, therefore, that there should be some interdependence of 
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"ig. 13/11. Reducing substances-ash ratio vs. gravity purity at various molasses viscosities. 
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viscosity, purity, reducing sugars, and salts. That such is the case has been 
demonstrated in Hawaii where, for many years, factory control measures 
used in recovery of sugar from molasses are based upon the relationship 
of purity, reducing substance-ash ratio, and viscosity. At a definite viscosity 

the purity decreases as the reducing substance-ash ratio increases. } 

In Fig. 13/11 are typical curves for final molasses showing this relationship, 
From the analysis and exhaustibility studies of composite molasses from all 
producing areas of Hawaii, tables have been statistically calculated by use 
of which it is possible to estimate the purity of exhausted molasses*4, 
These tables are calculated to a standard viscosity of 600 poises and a satu- 
ration temperature of 50° C. 

In the factory, having determined the analytical figure for the reducing 
substance-ash ratio, the operator has available at once an estimate of the 
purity of exhausted molasses at 600 poises and 50° C. Knowing the behavior 
of his material with respect to temperature and viscosity, and knowing 
likewise the capability of his equipment to handle various viscosities, he 
is enabled to judge the performance he is obtaining. Ash may be estimated 
conductimetrically so that the analytical procedures are rapid. 

The usefulness and practical value of this method of estimating exhaust- 
ibility is indicated by the fact that it has a statistical correlation coefficient 
of 0.85. Deviations of actual purities from calculated at standard viscosity 
and saturation temperature are rarely more than 1.5 points?®, The method, 
of course, does not take into consideration the rate at which exhaustibility 
can be attained, but only the final exhausted purity. Since rates of crystalli- 
zation ate highly variable, the time required to reach exhaustion should 
be, but is not, taken into account in judging factory performance. 


4. Crystal Content and Size 


The rate of crystallization in the crystallizer will be greater the larger the 
surface area of sucrose crystals per unit volume. It is advantageous from 
this standpoint, therefore, to have small crystals and have them occupying 
as great a percentage of the massecuite volume as possible. Other factors, 
however, limit both the size and crystal content. 

Crystals below a minimum size cannot be separated from the molasses 
in the centrifugal. Likewise a certain amount of molasses is necessary to 
keep the crystals apart and the massecuite fluid enough for handling, both 
in the crystallizer and in the centrifugals. It is very important that vacuum 


pan techniques be designed to give massecuites having the optimum crystal 
size and volume. 
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(a) Crystal Content 


It has been shown in Fig. 13/4 that the viscosity increases as crystal content 
becomes greater. ADKINs! observed that up to a crystal content of 35-40% 
the log of viscosity is a straight-line function of the crystal content (see 
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Fig. 13/12. Effect of crystal content on viscosity of massecuites. Curve 5 is logarithmic. 
(From Apxins}), 


Fig. 13/12). There is such a marked increase in viscosity at crystal contents 
above 45 °¥, that normally this represents the upper working limit. The actual 
crystal content that is permissible with a given material depends upon the 
viscosity of the molasses; the lower the viscosity the higher the crystal 
content. As it is desirable to work with high molasses viscosities in order 
to reach lower purity, a compromise is necessary to arrive at a working 
crystal content. Most often this will be in the range of 35 to 40. 


(b) Crystal Size 


The necessity of having a large crystal surface in order to speed up rate 
of crystallization has been emphasized. This is also necessary if a rapid 
rate of cooling in the crystallizer is to be obtained, for, unless the crystal 
surface is adequate, supersaturation may rise to the range where sponta- 
neous grain formation will occur. Ketiy®* developed a useful formula 
expressing the relationship between crystal area per unit weight of molasses 
necessaty to prevent spontaneous grain formation and purity of molasses 
at various degrees of supersaturation. We have the formula 
SPi4—= K 
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where 

S = surface area in sq.ft./lb. of mother liquor 

P = true purity of mother liquor 

K = 2,000 at 1.1 supersaturation, 4,000 at 1.2 supersaturation, 8,000 at 1.3 supersatu- 


ration and 12,000 at 1.4 supersaturation. 


If the surface area S falls below the value shown by the formula, sponta- 
neous grain formation can be expected. The value of S may be estimated 
from the crystal size and crystal content of the massecuite using the formula 


(DRINNENS): 
19X 


Ne ee eee 
/(100 — xX) 
where 


X = crystal content of massecuite 
/ = average length of side of crystal in mm. 


For a massecuite of 30% crystal content, molasses purity of 40 and coeffi- 
cient of supersaturation of 1.25, BEHNE* shows that this calculates to an 
average length of side of 0.23 mm. If the size is larger at this content there 
is danger of new grain being introduced. If the crystal content could be 
increased, a larger crystal could be tolerated. 

The effect of crystal size on viscosity has not been well established. 
Avkins! reported W. G. Done in a University of Queensland thesis as 
finding no effect of crystal size in the range 0.3-0.8 mm upon viscosity of 
massecuites. Ketty and McAnreEe?%, however, reported a substantial 
increase in viscosity over the same range. Their observations were made 
using a less suitable viscosimeter, however. 

The limiting factor toward smaller crystal size is the ability of the centri- 
fuge to remove the molasses. The smaller the crystal, the greater the time 
required to eliminate the molasses by centrifuging and hence the larger 
the centrifugal installation required. Of course, if the crystals become too 
small, centrifugal separation is impossible. A reasonable lower limit is 
close to 0.2 mm. 


5. Crystal Movement 


Circulation, which has been brought about by boiling and often by mecha- 
nical stirrers in the vacuum pan, must be continued to some extent in the 
crystallizer. It has been pointed out by VAN Hoox?’ that the energy requi- 
rements for crystal growth are considerably greater than those for diffusion 
and viscosity. This means that the rate of crystallization is determined by 
the speed at which sucrose is laid down in the crystal lattice rather than by 
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the speed of diffusion. Rate of stirring, therefore, will have little effect upon 
the rate of crystallization in the crystallizer, other factors being equal. 
Nevertheless, it is most important to maintain enough movement of the 
massecuite to prevent settling of the crystals by gravity and to maintain 
uniformity of distribution of the crystals throughout the massecuite. Al- 
though it is not possible to effect much movement of crystals relative to 
molasses on account of the high viscosity, it is possible by slowly moving 
stirrers to maintain good uniformity. 

Aside from maintaining this distribution of crystals, the main purpose of 
stirring is to effect rapid and uniform heat transfer. This is necessary in 
order to maintain optimum conditions of temperature and supersaturation. 
Engineering design of crystallizers has thus been directed toward equipment 
which will give maximum efficiency in heat transfer. This, of necessity, 
requires movement of massecuite as has been discussed in the previous 
chapter. 


6. Cooling 


Cooling of massecuites in the crystallizer has been covered from the stand- 
point of heat transfer in a previous chapter. As stated before, the purpose 
of cooling is to continue sucrose crystallization after isothermal crystalli- 
zation has been carried to the practicable limit in the vacuum pan. This is 
done by taking advantage of the lower solubility of sucrose at lower tem- 
perature. 

Massecuites are dropped from the pan at temperatures in the range 65-70°C. 
The attainment of additional crystallization then requires decreasing the 
temperature to the minimum at which the material can be mechanically 
stirred, viscosity being the limiting factor, and allowing crystallization to 
take place until the molasses will have a saturation temperature approxi- 
mating that of centrifuging. Under optimum conditions this is approxi- 
mately 55° C. The minimum temperature to which the massecuite may be 
lowered in the crystallizer depends upon the viscosity, but most often lies 
between 45 and 50° C. 

The optimum rate of cooling is that in which the supersaturation is 
kept as high as possible, in order to maintain the highest possible rate of 
crystallization, without the formation of new grain. Engineering design 
limitations are such that the problem of reducing temperature uniformly 
throughout the massecuite becomes the major one. With uniform cooling, 
too rapid cooling is rarely troublesome. Crystallizer design, therefore, 
becomes a matter of obtaining maximum heat transfer area per unit volume 
with optimum movement of the material. 
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The literature in crystallizer design and performance is volumi- — 
nous®, 3, 6, 9, 10, 11, 15, 16, 17, 18, 19, 24, 25, 27, 29, 36, 41, 43, 44, 48, 49, 50. Desion 
has advanced from a simple air-cooled tank, through water-jacketed, and — 
fixed coil units, to contemporary types, most of which have rotating parts 


through which water can be circulated. Examples of types most widely 
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Fig. 13/13. Revolving coil crystallizer, Honotutu IRON Works type. 


used are the LAFEUvILLE rotating crystallizer, BLANCHARD with hollow stub 
arms in various forms of modification, the WEeRKspoor with discs, and the 
Honotutu Iron Works with rotating coils (Fig. 13/ ape 
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Fig. 13/14. Effect of water cooling in crystallizer on temperature and purity. 
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Crystallizers equipped with liquid cooling units permit much more rapid 
reduction in temperature than those that are air cooled. This is illustrated 
in Fig. 13/14. The resulting crystallization rate with more efficient cooling 
is shown by the early attainment of lower purity values. MCCLEERY2? has 
discussed the variables of water rate, speed of rotation of coils, and surface 
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Fig. 13/15. Crystallizer cooling curve in HonNoLutu Iron Works type crystallizer. 


area of coils in relation to time of cooling. With a cooling area of 0.6 
sq. ft./cu. ft. volume, in a Honolulu Iron Works type crystallizer, masse- 
cuites can be cooled from 70 to 50° C in seven hours without danger of in- 
troducing new grain. 

A cooling curve from a massecuite in a crystallizer of this type is shown 
in Fig. 13/15. The massecuite is cooled relatively rapidly to the desired 
minimum temperature. It can then be held at this minimum for a time 
sufficient to reach a chosen coefficient of supersaturation as measured by 
the saturation temperature; this is done by circulating water through the 
coils at a temperature approximately 1° C above the desired minimum. 
This curve which is typical of heavy boiled massecuites shows that the 
crystallization rate becomes very slow after 30 hours so that little is gained 
from a longer holding time in this type of crystallizer. 

In general, it can be stated that cooling in the crystallizer should be as 
rapid as possible, the temperature to which the massecuite is cooled as 
low as viscosity will permit, and the time during which the minimum tem- 
perature is maintained is governed by the coefficient of supersaturation. 
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7. Reheating and Diluting 


When the degree of supersaturation has diminished to the point where the 
rate of crystallization is too slow to have any practical effect, the masse- 
cuite is ready for centrifuging. The efficiency of this step will be improved 
if the viscosity is lowered by reducing the supersaturation. This can be 
accomplished by reheating to the saturation temperature, diluting with 
water to the saturation point, or a combination of both. 

The question as to whether the massecuite should be heated or diluted 
must be considered from both the theoretical and practical standpoints. 
Theoretically, the procedure adopted should be the one that gives the 
lowest viscosity molasses. Here again there is a variation depending upon 
the composition of the molasses. In general, the temperature-viscosity-solids 
relationship is such that for lower solids molasses lower viscosities are 
obtained by reheating to the saturation temperature, whereas for higher 
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(1) Test no.1 temperature curve 
(2) Test no.1 dilution curve 
(3) Test no.2 temperature curve 
(4) Test no.2 dilution curve 
(5) Test no.3 temperature curve 
(6) Test no.3 dilution curve 


fe) 10° 20.—~—~*CSS*=“‘«SSSCS 
Dilution in % molasses 
Fig. 13/16. A comparison of the effects 
of diluting with reheating on viscosity. 
Total solids before diluting: Test 1, 85.33; 
Test 2, 85.25; Test 3, 84.72. (From Mrr- 
CHELL and BEHNE?), 


solids molasses a lower viscosity will 
be obtained by dilution. This is illus- 
trated in Fig. 13/8 which has been 
cited previously. These curves show 
also that at the temperature of mini- 
mum viscosity, about 55° C, the ad- 
vantage lies in reheating. The results 
of MrrcHe.y and BEHNE3? as shown 
in Fig. 13/16 demonstrate the same 
favorable effect of dilution on viscosity 
at higher solids (above 85 total solids 
undiluted), an advantage which dis- 
appears with lower solids content. 
In practice it is extremely difficult 
to dilute a massecuite in the crystallizer 
without dissolving sugar crystals to 
some extent? 12, 15,20. Because of 
this, massecuite should be boiled to 
the proper density in the pan so that 
control in the crystallizer is by tem- 


perature alone. Dilution will then be required on occasion only as an 


emergency measure. 


Reheating can be accomplished by circulating warm water through the 
cooling units of the crystallizer. This water should not be more than 2° C 
above the saturation temperature if local overheating is to be prevented. 
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On reaching the saturation temperature the massecuite is ready for centri- 
fuging. In order to shorten the total time in the crystallizer, some of the 
heating may be done in a separate heater or with heating coils in the mixer 
supplying the centrifugals. 


8. Conductivity Control 


[Indication and control of supersaturation and exhaustion in the crystallizer 
by conductance methods have been extensively investigated in the beet 
ndustry1%, 31, 40, Some work has also been done on cane massecuites?: 45, 

The electrical conductance of a massecuite increases as supersaturation 
Jecreases. As conductance varies directly with temperature, control of 
cooling in maintaining a definite degree of supersaturation is possible by 
means of a combination of conductance and temperature measurements. 
The conductance, however, is greatly dependent upon composition of the 
massecuite as well as upon the amount of crystals present?*. The method, 
herefore, must be standardized for a fixed type of composition as well as 
crystal content before it is a useful control procedure. Nevertheless, the 
sase with which conductance measurements can be made makes thorough 
nvestigation of the applicability of this type of control in a given case 
worthy of careful consideration. 


9. Molasses Exhaustibility 


Although the question of molasses exhaustibility is covered thoroughly 
n Chapter 14, it has such an important bearing upon crystallizer oper- 
ition that some discussion should be made at this time. 

Since the purpose of crystallizer work is to crystallize out as much sucrose 
1s possible from the final molasses, the exhaustibility is always a determin- 
ng factor in the results obtained. This exhaustibility, or minimum at- 
ainable purity, is highly variable. Many of the factors affecting this value 
remain unknown. It is important nevertheless to keep in mind the gener- 
alizations which may be drawn from available evidence. 

As related earlier, there is an extremely important inverse relationship 
between the total solids content of molasses and the minimum attainable 
purity. This means simply that the less water present, the less sucrose that 
can temain dissolved. As viscosity varies directly with solids, it follows 
that the higher the viscosity, the lower the theoretically attainable purity 
of molasses. Also pointed out was statistical correlation between the purity 
at exhaustion and the reducing substance-ash ratio at a given viscosity. 
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Although further investigation is necessary to pinpoint the effect of the 
individual constituents, this interrelation forms a valuable basis for setting 
up operational procedures and controls. 


The theoretically attainable purity is determined by the amount and 


nature of the non-sucrose constituents present. The practicably attainable 
purity is determined also by the effect of these constituents on such factors 
as viscosity and crystallization rate. It follows that the purity of molasses 
attained at a given time is not necessarily an indicator of efficiency of the 
pan and crystallizer operations. Viscosity of various molasses at the same 
temperature and solids content may vary tenfold. Rates of crystallization 
at the same temperature and degree of supersaturation will differ very 
widely. Equipment capacity and design play a very important role. Only 
by a study of all factors involved can the decision be made as to relative 
efficiencies from strike to strike, factory to factory, or area to area. 


10. Summary and Conclusions 


The evidence presented in this chapter indicates that the maximum yield 
of sucrose can be obtained by application of the following practices: 

1. Boil massecuites entering the crystallizer to such a total solids content 
that the viscosity is not too great for the material to be handled success- 
fully (a) in the crystallizer when cooled to the optimum temperature and 
(b) in the centrifugal when reheated to the saturation temperature. 

2. Control crystal content, size, and uniformity so that (a) surface area 
of crystal is adequate for optimum crystallization rate, (b) crystal content 
is not larger than the maximum at which the massecuite can be handled 
(about 45%) and (c) crystals are of sufficient size and uniformity to permit 
efficient separation from molasses in the centrifugal. 

3. Cool the massecuites as rapidly as possible in the crystallizer to obtain 
a degree of supersaturation sufficient to maintain crystallization velocity 
without danger of spontaneous introduction of new crystal nuclei. 

4. Lower the massecuite to the minimum temperature at which the crys- 
tallizer equipment can process it, as determined by viscosity. 

5. Maintain this minimum temperature until the saturation temperature 
approximates 55° C, 

6. Reheat the massecuite to the saturation temperature as rapidly as 
uniformity of heating will permit. 

The massecuite is then ready for centrifuging and it remains to set up 
procedures by which these general conditions can be maintained on a 
practicable basis. No closely defined specification can be set up which will 
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be widely applicable due to the uncontrollable variations in composition. 
Each factory, therefore, must investigate completely its own situation with 
regards to the effect of the variables, temperature, supersaturation, and 
viscosity. 

BEHNE‘ has summed up a procedure illustrated by Fig. 13/17 as follows. 


Viscosity 





te ts tm 
Temperature 


Fig. 13/17. Reheating diagram showing minimum viscosity. Point ¢ is on plane above 
graph and line cb connects the two planes. (From BEHNE*) 


‘In this illustration the minimum viscosity is at a or saturation temperature /g 
which is usually about 55° C .... a maximum degree of supersaturation of 1.25 
has been assumed, i.¢., the strike is dropped to the crystallizer at this value. Repeated 
investigations have shown that the degree of supersaturation does not vary greatly 
during crystallization. Consequently, on the completion of the crystallizer work, the 
supersaturation will still be in the vicinity of 1.25. If, therefore, a line be drawn 
through the saturation point @ parallel to the viscosity lines, it will cut the 1.25 
supersaturation line at a temperature of ¢, °C (b). This is the value to which the 
massecuite should be cooled before reheating to ¢s °C is commenced. The condition 
in which the massecuite is dropped is determined by following the 1.25 saturation 
line round to the temperature /m of the pan at the finish of the heavying up. The 
actual temperature will depend upon several factors, ¢.g., the vacuum available, 
but should be in the vicinity of that corresponding to the minimum viscosity. 
Published data in regard to temperature corresponding to the minimum viscosity 
for 1.25 supersaturation for the purities in the 55-60 range are meagre, but the 
indication is that the temperature is usually high — in the vicinity of 70° C. 

‘The dry substance of the molasses is determined once the solubility coefficient 
and final molasses purity are fixed, whilst in addition the crystal content of the 
massecuite at fugalling fixes the dry substance and purity of the massecuite. The 
corresponding values of the conductivity at which the massecuite is to be dropped 
to conform to these requirements would have to be determined experimentally. 

‘The most satisfactory size of grain may be determined by the use of KELLy’s”” 
relationship, SP! = K, where, for 1.25 supersaturation K = 6,000, S is the surface 
area of the crystals in sq.ft./Ib. of mother liquor of purity P. This is used in con- 
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junction with the surface weight ratio established by DriNNeEN*. For a crystal 


19x 


content of x %, the size of crystal in mm is given by 500 — x) When x = 30, 


8 
this value becomes tT approx. 


‘Once, however, the approximate procedure has been established, occasional 
checking should enable a reasonably tight control to be maintained.’ 


Referring again to Fig. 13/9, the desirability of reaching a saturation tem- 
perature close to 55° C is obvious. Likewise, lower molasses purities will 
be reached at higher viscosities. The molasses purity that will be obtained, 
therefore, is limited by equipment design. Good crystallizer technology 
requires close attention to saturation temperatures, viscosity relationships 
and temperatures. A prerequisite to this is pan technology which will give 
massecuites of proper total solids, crystal size and crystal content to the 
crystallizer station, for inadequate pan work cannot be corrected in the 
crystallizer. 
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CHAPTER 14 


MAXIMUM RECOVERY OF CRYSTALLISED SUCROSE 
FROM LOW GRADE BOILINGS 


K. Douwrs DEKKER 
Director of the Sugar Milling Research Institute, University of Natal, Durban 
(South Africa) 


1. Introduction 


The inability of sugar manufacturers to recover in the crystallised state all 
the sucrose present in cane and beet juice has created the molasses problem, 
The loss of sucrose suffered by cane sugar factories in final or exhausted 
molasses is considerable, »#x. 5-13°% of the amount of sucrose present in 
mixed juice. 

The importance of this loss and its variability have prompted generations 
of scientists to study its nature in attempts to reduce its volume. 

The general principle underlying sugar manufacture is to remove water 
by evaporation from the raw material fed into the boiling house until 
sucrose starts crystallising, and to continue such removal, although inter- 
mittently interrupted in order to remove sucrose crystals, until it has to 
be concluded for the practical reason that a further removal would make 
the material too stiff to be worked by the factory plant. It then still contains 
a fair proportion of water, and since sucrose is soluble in water, a fair 
amount of sucrose, which is bound to be lost to the sugar manufacturer 
and is discharged from the factory as final molasses. 

Hence the amount of sucrose lost depends on (a) the amount of water 
present in final molasses, and (b) the ratio of sucrose to water. 

Often a small quantity of very fine sucrose crystals which slipped through 
the openings of the centrifugal gauze is also present. 

Apart from these fine crystals final molasses is a liquid mixture of sucrose, 
water and an unknown number of certain other substances usually known 
as nonsucrose ingredients, or collectively as nonsucrose. Such a mixture 
is said to be a saturated solution if in equilibrium with the solid phase of one 
of the solutes. Molasses is said to be saturated if in equilibrium with solid 
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sucrose, and the ratio of sucrose to water in saturated molasses is usually 
called the solubility of sucrose in molasses. 

The solubility varies with the temperature, and is also affected by the 
amount and nature of the other substances present. If less sucrose is present 
than corresponds to its solubility under the given conditions, molasses is 
said to be undersaturated, if more sucrose is present supersaturated. 

The amount of sucrose present above the amount corresponding to the 
solubility is theoretically available for crystallisation. The rate at which 
the supersaturated sucrose will crystallise depends on certain factors which 
are discussed elsewhere in this book. Amongst them the amount and nature 
of the nonsucrose ingredients also present are of predominant importance. 
The rate of crystallisation of the sucrose held by the molasses in supet- 
saturation is generally slow when compared with the rate of crystallisation 
from pure supersaturated solutions of sucrose and can be almost zero in 
some cases. 

Hence at the end of the crystallisation period final molasses is nearly 
always supersaturated, particularly so when the temperature during crys- 
tallisation has dropped to below 40° C. The ratio sucrose: water in ordinary 
final molasses is thus generally not indicative of the solubility of sucrose in 
this particular system and in order to study the factors affecting the solu- 
bility extreme care has to be taken that equilibrium has been attained. 

A considerable part of all investigations carried out in connection with 
the molasses problem are concerned with the solubility of the sucrose in 
the water present in the molasses and the factors affecting this ratio. Other 
investigations deal with the effect of the removal of water from molasses 
on certain properties of this material, in particular its viscosity, for although 
the effect of viscosity on the recovery of crystallised sucrose from sugar 
liquors is not known in detail, the importance of the viscosity as the main 
factor limiting concentration is generally recognised. 

For a proper appreciation of the present conceptions in regard to the 
molasses problem an insight into their historical developments is indispens- 
able. 

The earliest investigations dealt with beet molasses, but in 1892 PRINSEN 
GEERLIGS, in Java, published a paper’ on melassegenic substances which 
is one of the oldest endeavours in the cane sugar industry to increase our 
knowledge of the formation of final molasses by a systematical study of the 
problem. Attention in those days was mainly focussed on the difference 
between the losses of sucrose in beet and cane molasses for which an ex- 


planation had to be found. = 
The first fact requiring explanation concerned the sucrose solubility in 
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beet molasses which was higher than in a pure aqueous solution of sucrose 
of the same temperature whilst the sucrose solubility in cane molasses was 
lower. This fact is illustrated by the following data. 


grams per 100 grams of water 





Solubility of sucrose in aqueous solution at 20° C 203.9. (ref) 
Average sucrose content of German beet molasses per 

100 parts of water 243. (eet, 3) 
Average sucrose solubility of three selected Java molasses 

whose saturation temperature was 50° C 191 (ref. *) 
Solubility of sucrose in aqueous solution at 50° C 260.4 (ref. ?) 


In 1895 PrINsEN GEERLIGs offered an explanation® which, elaborating on 
an earlier assumption by GuNNrING®, dominated all work on exhaustion 
of final molasses for a considerable period of time. PRrNsEN GEERLIGS 
assumed that many nonsucrose components, amongst which organic 
alkali-salts excelled, could combine with sucrose and water into easily 
soluble, syrupy compounds. In this way water in molasses could dissolve 
more sucrose than corresponds with the normal solubility. The assumption 
of the hydrated sucrose-salt compounds readily explained the higher sucrose 
solubility of beet molasses. 

If, however, in addition to salts and sucrose, glucose (see p. 517) was 
present, the conditions changed. For due to its aldehyde-group glucose 
was assumed by PrINsEN GEERLIGS to form hydrated glucose-salt com- 
pounds more easily than sucrose. Hence part of the water was withdrawn 
by such compounds and no longer available either to dissolve sucrose, or 
to form sucrose-salt compounds if salt was present in excess of the amount 
needed for the glucose-salt compounds. In this way PRINSEN GEERLIGS 
explained the lower solubility of sucrose in cane molasses. 

It is interesting to note that PrINsEN GEERLIGS has never been capable 
of proving the existence in final molasses of hydrated sucrose-salt compounds. 
Moreover his experiments showing that glucose does not affect the solubility 
of sucrose in water — on which his assumptions were partly based - were 
later proven to have been misleading, for reducing sugars actually lower 
the solubility. 

The assumption of hydrated sugat-salt compounds has probably not 
been very conducive to further serious study of the molasses problem. One 
simply had to accept their existence which would thwart all attempts to 
reduce the purity of final molasses. 

However in 1915 Van per LINDEN? published papers in which the 
molasses problem was discussed on the basis of phase rule considerations. 
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Molasses being a very complex system, and solubility data hardly being 
wailable at that time, VAN DER LINDEN’s expositions were semi-quanti- 
ative only. They have, however, contributed considerably to a better 
inderstanding of the nature of molasses, and not less important, have 
sxrompted many systematical investigations into equilibrium conditions in 
ystems consisting of the main components of final molasses. 

Generally speaking the outcome of all this work was that we have to see 
inal molasses simply as a (super-)saturated solution of sucrose. Further 
rystallisation of sucrose by further removal of water is mainly limited by 
he decreased workability of the material. The realisation of this fact has 
lrawn the attention to the factors controlling the viscosity of molasses, and 
study of these factors has revealed many interesting relationships. 

The factors controlling the solubility of sucrose in molasses, in partic- 
ar the effect of certain groups of nonsucrose components, have also 
een subjects of investigation. In addition to exhaustibility tests aimed at 
inding relationships between purity and nonsucrose composition, statistical 
tudies have been made which have led to the development of formulae 
vith which a target purity can be calculated from the ratios between the 
mounts of certain nonsucrose components present. 

The molasses problem has not yet been solved in such a way that all 
oss of sucrose is obviated, but a much better understanding of the factors 
miting further crystallisation has been achieved. And when we compare 
he loss of sucrose in final molasses in 1895 with the present loss an appre- 
iable reduction is evident. 


2. Phase Rule Considerations 


ior the sake of simplicity, molasses will be considered as a ternary system 
onsisting of sucrose (s), water (w) and a third component, nonsucrose (1). 
‘wo alternatives have to be considered: 

(a) The components do not form compounds. 

(b) The components do form compounds. 

PrINSEN GEERLIGS’ hydrated sugar-salt compounds fall into the latter 
ategory, and will be discussed after the more simple system (a) has been 
tudied. This system can conveniently be represented by a diagram as 
hown in Fig. 14/17. 

The corners of triangle sm represent the three components of the system; 
n the vertical axis the temperature is measured. The melting points of the 
omponents are given by S, W and N, the binary eutectics are £,, E, and 


—y 
4 
‘3° 
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On the face SswW we find the solubility curves of the binary system 
sucrose-water. The melting point S of s is higher than W of », hence the 
eutectic E, is probably nearer to W than to S, i.e, the eutectic mixture may 
contain more w than s. 

We do not know whether the melting point of # is higher or lower than 
that of s. Therefore both possibilities 
will be considered. The case of z 
having a high melting point NV is il- 
lustrated in Fig. 14/1; Fig. 14/2 shows 
the case of a relatively low melting 
point, here called J. 

The curves indicating the effect of 
the presence of a third component 
on the binary eutectics F,, F, and 
FE, meet at E, the ternary eutectic 
(Fig. 14/1). 

Of main interest is the face SF, 
EE, the so-called sucrose solubility 
surface. 

Assume P represents a homoge- 
neous mixture of s, 2 and w of a suitable 
composition. If sucha mixture is cool- 
ed, point B (Fig. 14/1) on the sucrose 
sutface SE,FE, will be reached and 
thus saturation in respect of sucrose. w 
On further cooling sucrose will crys- Fig. 14/1. Phase diagram showing equili- 
tallise and the composition of the briumconditions ina ternary system con- 
liquid phase will be represented by ae eldae boinc vse aaa 
points moving along line BC'as more 
solid sucrose separates. At C the intersection with eutectic curve E,E is 
reached where the mixture also becomes supersaturated in respect of m. 
Continued cooling will result in one of three things happening: 

(a) Both solutes will crystallise either as individual entities, as a solid 
solution, of as a double compound. 

(b) One of the solutes will crystallise leaving the other in a metastable 
state of supersaturation. 


(c) The solutes will interfere with each other in the solution in such 4 
way that neither will crystallise’. 

LEOPOLD JEssER® who was the first to apply phase rule considerations 
to beet molasses, assumed that alternative (c) prevailed. He regarded mo- 


| 
| 
| 
| 
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lasses as an undercooled eutectic solution from which further cooling could 
not bring about further crystallisation of sucrose, or in other words: the 
ideal molasses is an (undercooled) syrup which is saturated with at least 
one other substance in addition to sucrose. 

What point of curve £,£ will be reached by cooling the original mixture 
depends on its composition, but once 
such a point has been attained the 
composition will not change on further 
cooling. Whether £,/ will actually 
be reached depends on prevailing 
conditions. Low grade massecuite is 
never cooled below 30° C in cane su- 
gar factories, hence point C’ can only 
be reached if it is situated above 30° 
C. And if xy is the intersection of 
SE,EE, with the isothermal plane 
for 30° C, point C cannot be reached 
if the original composition is given 
by B. 

Only molasses represented by points 
on line Sy will reach _y on cooling 
to 30° C. The other points on Fy y will 
be reached when molasses represent- 
ed by other points on part SE, 9 of 
the sucrose surface are cooled, but at 





Fig. 14/2. Phase diagram showing equi- temperatures above 30° C, and at a 
librium conditions in a ternary system ower moisture content, for y has the 
consisting of 7, s and », 7 having a low i . 

melting point. (VAN DER LinDEN) highest moisture content of all ex- 

hausted molasses on E 9. If compared 
at 30° C the viscosity will also be lowest, and depending on whether the 
purity increases or drops along EE, y may also have the lowest purity. 

We have already seen that amongst the properties of ” its melting point 
is of great importance since it affects the position of the eutectic of the 
binary system s-7. 

If the melting point of » is relatively low, as shown in Fig. 14/2, the tem- 
perature of the eutectic Ey will also be low. 

If lower than 30° C no curve through S and any point on CHE. can 
reach the eutectic line H,# at a temperature above 30° C. Hence no mo- 
lasses at 30° C can be considered to be an exhausted molasses in the sense 
indicated by Jesser. To establish exhaustion the molasses would have to 
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be cooled to temperatures below 30° C and sucrose would have to crys- 
tallise. 

Not only will the eutectic line EF be at a lower level for a lower melting 
point of the third component, but £, will be shifted further from S, and 
line xy in Fig. 14/2 will probably represent molasses of lower purity than 
line &, y in Fig. 14/1. 

Apparently the lower the melting point of ” the lower the purity of final 
molasses which is saturated at 30° C. This relationship might explain why 
beet molasses generally has a higher purity than cane molasses, the melting 
point of » in beet molasses (mainly salts) being higher than the melting 
point / of cane molasses, where / is mainly a mixture of salts and reducing 
substances. 

If JESSER was incorrect in assuming that alternative (c) prevails, either 
both solutes crystallise (i) if EE is reached, or only one, leaving the other 
in a metastable state of supersaturation (ii). In the former case crystallised 
sucrose will be obtained, but very impure and of little commercial value. 
Hence further cooling after the eutectic line E,E has been attained serves 
a useful purpose only if alternative (ii) prevails. In that case final molasses 





Z 


Fig. 14/3. Equilibrium conditions in a quaternary System consisting of S (sucrose), 
G (glucose) and Z (salt) in water at a fixed temperature. (VAN DER LINDEN) 


would be a metastable saturated solution of sucrose, and further crystalli- 
sation is in principle possible by further cooling. 

In the above the effect of the nature of » on equilibrium conditions has 
already been touched upon. A better insight can be gained by following 
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VAN DER LINDEN in his further studies of a quaternary system consisting 
of sucrose, water, glucose* and salts. To represent such a system VAN DER 
LINDEN used a space model as shown in Fig. 14/3. 

This model shows the conditions for one temperature only, e.g. 30° C. The 
quantities of S (sucrose), G (hexose) and Z (salt) set off along the perpendic- 
ular axes are those present per 100 grams of water. 

In plane SOZ we find the solubility conditions of sucrose and salt in 
water, in plane SOG of sucrose and hexose, in plane GOZ of hexose and 
salt. In E,, E, and E, the liquid phase is in equilibrium with two solids, 
and by addition of the third solid eutectic curves are followed. These 
curves meet at £, the Invariant Point, representing the condition of equi- 
librium of the liquid phase with the three solids. 

Each point of the volume bordered by the planes SOG, GOZ and SOZ 
and the surfaces FE,xE,, RE,gF, and EE,sEF, represent an undersaturated 
liquid, each point outside this volume a liquid phase saturated with at 
least one solid. 

For our purpose, the surface sE,F EF, representing the conditions under 
which sucrose separates from the liquid phase, is the most important. The 
points to the left of FE, F, represent stable saturated solutions, those to 
the right metastable saturated solutions. Every massecuite is represented 
by a point above the sucrose surface and the intersection of the vertical 
through this point with the surface gives the saturated molasses correspond- 
ing to this massecuite. Whether this point is part of the stable or the meta- 
stable section of the surface depends on the water content of the massecuite. 
The shape of the surface illustrates the properties of the massecuite and 
molasses. The curve sE, shows the effect of hexose on the solubility of 
sucrose, the curve s£, the effect of salt. Most salts first lower and at higher 
concentrations increase the solubility of sucrose in water. And since hexose 
decreases the solubility, points on the surface near to s&, will generally be 
lower than the corresponding points near to sF}. 

Further, since the addition of hexose to a salt-containing sucrose solution 
usually results in crystallisation of sucrose, the sucrose surface starting from 
points on s#, and proceeding in the direction of OG will initially show a 
depression. The surface will also show a depression starting from points 
on sE, proceeding parallel to OZ, for PRINSEN GEERLIGS has already 
shown that the addition of some salts to a hexose containing saturated 


* Some authors use the word glucose for the variable mixture of dextrose and levulose 
occurring in sugar cane products. This custom should not be encouraged. If the word 
reducing sugars is too cumbersome, hexose would be much better. In the following, 
the word hexose will be used where expedient. 
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solution of sucrose initially brings about crystallisation of the latter sub- 
stance. 

Since the sucrose surface tends to rise in the metastable section, the de- 
pression is of limited extension. The complete situation can best be shown 
by a family of intersections of the sucrose surface with vertical planes 


100 S/o Ash 100 °%o Glucose 


Fig. 14/4. Intersection of the sucrose surface of Fig. 14/3 with a vertical plane perpen- 
dicular to GOZ and intersecting OG and OZ at angles of 45°. (VAN DER LINDEN) 


petpendicular to GOZ and intersecting OG and OZ at angles of 45°. Of 
these planes rgp/ is shown in Fig. 14/3 and separately in Fig. 14/4. In all 
points of this plane the quantity of nonsucrose (salt + hexose) per 100 
parts of water is the same, v/x. p. The quantity of sucrose per 100 parts 
of water at t° C is w if nonsucrose is salt, and » if nonsucrose is hexose. 

If pgr/ is situated near the centre of the depression of the sucrose surface 





AtG 


Fig. 14/5. Intersection of the sucrose surface of Fig. 14/3 with a vertical plane through 
OS. (VAN DER LINDEN) 
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the curve wm will show a minimum near to 2, 7.e. the sucrose solubility is at 
a minimum for a certain ratio of hexose to salt. Generally speaking the 
purity of the liquid phase will be lower when nonsucrose is mainly hexose 
and higher when mainly ash. 

Also of interest is the family of planes through OS, 7.e. those perpendicu- 
lar to GOZ, and their intersections with the sucrose surface. Extremes of 
such intersections are sE, and sE,. Each other plane represents a definite 
ratio of hexose to salt. 

Fig. 14/5 shows sucha plane, srq being the intersection with the sucrose 
surface. Starting from s addition of hexose + salt in the right constant 
proportion will transfer the composition of the liquid phase via the point 
representing the minimum sucrose-water ratio and r to qg. It can easily be 
shown that the purity of the liquid phase at ¢ is less than at @ and that r 
represents a minimum purity, obtainable through evaporation of water. 
Between r and g the purity will rise when water is removed by evaporation. 

A point of minimum purity occurs only if it is possible to draw from O 
a tangent to srg. Since we do not know the shape of srq, there is no proof 
that such a point of minimum purity actually exists. The existence of such 
a point would however explain some observations made by CLAASSEN 
on beet and cane molasses!8. It is obvious that there must be a point of 
minimum purity on each of the planes through OS and one of them will 
represent the lowest purity possible. This would be the ‘ideal’ molasses 
aeo0° C. 

It is not within the scope of phase rule considerations to provide an 
explanation for the depression occurring in the sucrose surface. Existence 
of soluble compounds between two or more of the components might 
provide an explanation, but the occurrence of the depression in the sucrose 
surface does not necessarily prove the existence of such compounds, and 
as long as they do not separate under certain conditions, nor show their 
existence by discontinuities of the solubility curves, other means of proving 
their existence will have to be found (see p. 524). 

Hence PrinsEN GEERLIGS’ hydrated sugar-salt compounds would fit in 
the quaternary model developed by VAN DER LINDEN by explaining the 
depression in the sucrose surface, but the hypothesis of their existence 1s 
not indispensable. If however final molasses has to be seen as an eutectic 
mixture, PRINSEN GEERLIGS’ hypothesis 1s redundant. 

It is easy to see how multicomponent compounds will affect the quater- 
nary model if they separate. Their existence will be shown by a new face, 
for example that show as abc in Fig. 14/3. In this case the melting point of 
the compound will have to be above 30° C, If, on the other hand, the final 
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crystallisation temperature is the higher one, the compound cannot exist 
as a solid at 30° C and surface abe will not occur. Such a compound would 
be represented by a point inside the undersaturated polyhedron. 

VAN DER LINDEN has not gone further than explaining equilibrium con- 
ditions in final molasses on the basis of a four component model in which 
he discerned between salts and hexose. Birkett! has drawn practical con- 
clusions from a three component diagram grouping all nonsucrose sub- 
Stances as one component. KeLiy!* however has criticised such simpli- 
fications by pointing to the rather significant difference in behaviour in 
respect of solubilities between dextrose and levulose. By plotting the com- 
position of six samples of molasses in a diagram showing the equilibrium 
conditions of sucrose, levulose and dextrose, he is led to conclude that the 
dextrose/levulose ratio exercises some directive influence on the limitation 
of sucrose crystallisation. In this example the effect of the salts present was 
however not taken into account and generally speaking KELLy’s observa- 
tions can be seen as a desirable extension of VAN DER LINDEN’s fundamental 
expositions. 


(2) Extectic Mixture versus Saturated (Metastable ) Solution of Sucrose 


In the foregoing pages it has been explained that molasses has to be regarded 
either as an eutectic mixture (JESSER) or as a solution of sucrose saturated 
at 30° C, if 30° C is the temperature to which low grade massecuite is 
cooled in the factory and equilibrium is attained. Van DER LINDEN has 
shown how to decide which of the two alternatives is the correct one. 

If molasses is an eutectic undercooled mixture, its purity will not rise 
if heated together with sucrose crystals until the temperature is reached 
where the sample is just saturated in respect of the second component. If 
molasses is a saturated (stable or metastable) solution its purity will rise 
immediately if heated together with sucrose crystals. 

Preliminary tests carried out by VAN DER LINDEN} were not conclusive, 
but HELDERMAN"™ showed that the purity of a sample of saturated molasses 
tose immediately when heated with sucrose crystals. Before carrying out 
his tests HELDERMAN had carefully ascertained that his molasses was free 
from microscopic grain. This precaution had become necessary after KAts- 
HOVEN!® had shown that undiluted factory molasses which has been kept 
for some time is hardly ever free from microscopic grain. 

HELDERMAN’S investigation has certainly proved that final molasses is 
not an eutectic mixture in the sense meant by JEsseEr, i.e. where the inability 
of crystallisation of n prevents further crystallisation of sucrose. 
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Ketty?? however has correctly pointed out that molasses is generally 
saturated with respect to CaSO,.2H,O and that it is well known that sucrose 
and CaSO,.2H,O will crystallise simultaneously. In Hawaiian molasses, 
sucrose and KCl have been observed to crystallise together!®, Here we see 
that alternative (a) (see p. 523) prevails, for although the purity of the final 
molasses was unusually high crystallisation of sucrose was not altogether 
prevented. 

On the other hand, some nitrogen compounds, viz. /-aspartic acid and 
tyrosine, in respect of which many molasses are saturated, seem, according 
to KELLy, to control the limit of crystallisation of sucrose. 

More work is undoubtedly required to decide whether we have here an 
example of a true eutectic mixture. 


(b) The Estimation of Fine Grain in Final Molasses according to Kalshoven 


This method is based on the fact that the refractometer reading on a sample 
of final molasses which contains microscopic grain gives the refractometer 
brix of the liquid phase of the mixture. The difference between this brix 
value and the refractometer brix of the sample after dissolution of the 
microscopic grain depends on the quantity of grain originally present 
and this association permits the calculation of the latter quantity. 
Dissolution of microscopic grain can be brought about either by heating, 
ot by dilution with water. The actual quantity of water required (10 or 
20° on molasses) should be estimated from a microscopic examination 
of the sample and should not be excessive. The diluted sample is analysed 
and from the results the composition of the original sample (grain being 
dissolved) is calculated. The latter composition should be given as: 


= % dry substance 
ae sUCtOge 
refractometer brix 


== O, grain. 


Saw Ses 
I 


Further we term: 


b = % dry substance of the liquid phase of the original sample 
g = tefractometer brix of the liquid phase of the original sample 
y = % sucrose of the liquid phase of the original sample. 


y and } cannot be determined directly. . 
The difference between a and p, and also between b and q, is due to the 


nonsucrose present in molasses. 
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Assuming straight proportionality 


p-—a a—%s 





q—b b-y 
Further, since 
a—s 100 — x 





we find 





and since 
b 
(100 — x) x ip aes 


it follows that 
_ 100(¢ — b) 
Fie 





In this equation b cannot be determined directly and has to be esti- 
mated from our formulae. 


100p — 1002 = 100g — 100b —xq + xb 


1002 — 100b = 100x — xb 
100p = 100g + 100x — xq 


100 — qg 








and finally 
— s(100 — q) — 100(p — q) 
100 — p 





from which the purity of the grain-free molasses can be calculated. 

If the accurate determination of the refractometer brix is difficult due 
to the dark colour of the sample, it may be expedient to use reflected instead 
of transmitted light. The accuracy of the reading can further be enhanced 
by rotating the molasses in a half-filled bottle ptior to the determination. 
Small air bubbles will be intimately mixed with the molasses forming a 
kind of froth which is brought in between the prisms?!’, 

KALSHOVEN, testing a large number of Java final molasses, found many 
to contain microscopic grain in excess of 10°, which corresponds to a 
aa in purity between liquid phase and total molasses of more than 

points. 
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3. Hydrated Sugar-Salt Compounds 


Although probably no longer essential for a better understanding of the 
nature of final molasses, the existence of hydrated sugar-salt combinations 
is still rousing great interest amongst sugar chemists. 

PRINSEN GEERLIGS’ hypothesis!§ was based on the work of older chemists 
(MauMENr, Péticor, SrENHOUSE and others) who had succeeded by slowly 
evaporating solutions of sucrose, glucose or fructose together with salts 
like NaCl, NaI, CaCl,, CaBr,, etc., in obtaining crystals supposed to be 
chemical compounds of, for example, the following composition: C,H 4.0). 
NaCl.12H,O; (C,,H 20, )2.3Nal.3H,O, etc. But since it was not proved 
that these compounds were not mix-crystals (solid solutions), HELDERMAN 
undertook in 1920 to investigate the matter further. He determined the 
solubility at 30° C of sucrose as affected by the presence in increasing quan- 
tities of a number of salts, and also of these salts in the presence of increasing 
quantities of sucrose’’, in an attempt to find out if the solubility curves 
would meet in an Invariant Point, or would be intersected by a third curve 
due to the crystallisation of a sucrose-salt compound. A similar investi- 
gation was carried out for glucose. Salts investigated were K,SO,, KCl, 
NaCl, K-acetate and K-oxalate. No proof of the formation of molecular 
compounds between sucrose, or glucose and one of the investigated salts 
was found, the solubility curves always met in an Invariant Point. 

The investigation was criticised by KorrHorr*® who pointed out that 
retardation of crystallisation might have been the cause of the non-separa- 
tion of molecular sugar-salt compounds in HELDERMAN’S experiments. He 
was able to show that at 18° C, and also at 30° C?? (after HELDERMAN had 
pointed out that his conclusions referred to 30° C)22 the compound 
C,.H,.0,1.NaCl.2H,O is stable in contact with its saturated solution. 
This result has recently been confirmed by WIKkLUND2’. Therefore the con- 
clusion seems justified that of all hydrated compounds investigated, the 
existence of the NaCl combination only has definitely been proven. Simi- 
larly MarsuurA?+ has given convincing evidence for the existence of a 
glucose-salt combination, viz. CgH,O¢-NaCl.H,O. But the problem still 
to be solved is: do such hydrated compounds actually exist in molasses and 
do they affect the crystallisation of sucrose, or do they merely affect the 
shape of the sucrose face (see p. B19): 

Recently the matter has been approached in a novel way by WIKLUND 
and by SCHNEIDER. According to WIKLUND®> the most expedient method 
to decide upon the existence of molecular compounds between sugars and 
salts in a sucrose and salt containing solution is to study how a prominent 
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property of such a solution varies when the concentration of the compo- 
nents is altered. Obviously such a study is more likely to give positive 
results when salts are used, of which a molecular compound with sucrose 
has already been made likely to exist by other means. The property selected 
by Wixiunp for his investigation was the optical rotation of the solution 
which is known to be affected by the presence of salts, possibly due to the 
formation of compounds. Wi1KLUND prepared equimolecular solutions of 
sucrose and salts which were mixed in differing proportions. The optical 
rotation of each mixture was measured and the result compared with the 
rotation as calculated on the assumption that the specific rotation of sucrose 
is not affected by the presence of salts, i.e. that no molecular compounds 
having their own specific rotation are formed. WrKLUND was able to show 
(for different total concentrations) that the maximum difference between 
observed and calculated rotation occurred when sucrose and salt were 
mixed in equimolecular proportion and accepts this fact as a positive indi- 
cation of the existence of molecular compounds in solution. 

Salts studied were KCl, NaCl, KBr, NaBr, KI, NaI and Na-acetate. A 
secondary conclusion was that the formation of the NaCl compound is 
limited, but of the Na-acetate compound prominent. This seems to be in 
accordance with the observation by HELDERMAN, and also LEBEDEFF, that 
sodium acetate containing solutions of sucrose are extremely viscous. 

WIKLUND’s results are in accordance with earlier results obtained by 
Van Hoox?*, Van Hook examined synthetic molasses by means of their 
X-ray scattering patterns. From the X-ray diffraction patterns of desiccated 
suctose-potassium nitrate solutions Van Hoox concluded that the results 
favour the opinion that the sucrose in molasses is largely in the form of 
(amorphous) complexes. 

On the other hand, SCHNEIDER?’, who studied the infrared spectra of 
desiccated beet molasses, could not find any evidence of sugar-salt com- 
pounds in final molasses. 


4. Solubility of Sucrose in Solutions also Containing 
Nonsucrose Components 


VAN DER LINDEN’s examination of equilibria in multi-component systems 
containing sucrose is of a semi-quantitative nature and has served a useful 
purpose by providing a general background against which quantitative 
data illustrating the actual equilibria can be considered. 

The results of many extensive investigations on the solubility of sucrose 
in systems which also contain salts, glucose and fructose have been published 
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ince the molasses problem attracted the attention of chemists all over the 
vorld. Amongst the older studies the work of Scuuxow and K6nter, 
ater that of VAN DER LINDEN and HELDERMAN, and more recently that of 
|ACKSON and SinsserE, and in particular that of Ketty, who not only 
tudied a ternary, but also a quaternary and a quinary system, should be 
nentioned. These investigations are fully discussed elsewhere in this book. 

Of particular interest is the effect of invert sugar on the solubility of 
ucrose. This system was studied by Jackson and SirsBEE2’. S1j~MANs29 
rave JACKSON and SILsBEe’s results in a particularly convenient table which 
s shown here as Table 1. 


5. The Rate of Crystallisation of Sucrose from Impure Solutions 


[he amount of sucrose lost in final molasses depends on the amount of 
vater present in this material, and the prevailing ratio of sucrose to water. 
This ratio is equal to the solubility only if equilibrium is attained. At the 
nd of the crystallising process this is hardly ever the case, due to crystal- 
isation of sucrose having become extremely slow as the purity and the 
emperature of the massecuite dropped. Hence for a proper understanding 
yf the molasses problem a thorough knowledge of the factors which in- 
luence the rate of crystallisation of sucrose is indispensable. The old 
rypothesis, first formulated by Fetrz*® that viscosity of molasses is the 
nain factor responsible for the retardation of the crystallisation is no longer 
iccepted as correct, but sometimes still referred to. The factors which do 
ffect the rate of crystallisation are discussed in Chapter 4 of this book. Their 
mportance is also illustrated by Hawaiian experience which showed in 1946 
hat it took a longer time than before for crystallisation to proceed to the 
yoint where the saturation temperature is reduced to the standard of 50° C. 
The changed nature of the 1946 low grade material was responsible for at 
east 50°, more time being required to obtain the same amount of crys- 
allisation as in former years*!. 


6. Some Practical Considerations 


The nature of PriNsEN GEERLIGS’ hypothesis of hydrated sugar-salt com- 
sounds has probably not stimulated many attempts to reduce the purity 
f final molasses. Sucrose was supposed no longer to be present as a free 
omponent and hence could not crystallise whatever one did. 

To a certain extent the same can be said of the conception of molasses 
cing an eutectic mixture. Here the presence of certain nonsucrose consti- 
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SOLUBILITY OF SUCROSE IN WATER (g PER 100 g) ALSO CONTAINING INVERT SUGAR AND — 


AT DIFFERENT TEMPERATURES (JACKSON AND SILSBEE) 





g invert sugar/100 g water 








Temp. 

5.0 100 110 120 130 140 160 180 200 220 240 260 
30 214° 182 180 177 175° 172 168 "164" S100 #157 ipa 0ee ee 
31 216 184 182) 179.- 177 9174, 170 § 166 316209159 3150s 
32.218 187 184. 182 179. lit) 173) 3169 2a 6525 161 ei oo ee 
33° 221 189 186 184 “181. “1799 "175.9 17) S167" 1635 (oe ae 
34) 223 191 (189% 186, 84> 1815 S177 pisSe 169 16GRe Gao 
35 225 193 191 188 186- 185° 179 > 17ae Ply2e eiGs elo eee 
36 228 196 193 191” 188° 186 182 "17S) 3 1/4 70 lope 
a7 230 198°. 195." 193.0 1905 188) s184505180 Sid Gd 7a ee 
38. 232 200 198 195° 193 ~190. (186) 5 1G2501 76, 907,30 ee 
39.” 235° 202° 200 197 1957 192" 2 18S Se weioien 177) ere 
AQ’ 237 205°» 202-200 197. 1955191 ea ie 83 SO eee 
41 239 207 204 202 199 (197) 493° 189. 9185. (18250 17Oe ie 
42 242 209 207 204 202 199 195 191 188 184 181 179 
43 244 211. 209 206 204 201 197 193 190 186 184 182 
44 246 214 211 209 206 204 200 196 192 189 186 184 
45. 249 216 213° 211 “208 ©2067 °202 3198" 195— 191 186 eee 
46 251 218 216 213° 211 9208 204-2005 197)7193990191) eee 
47. 253. 220. 218 215 213, 210.5206» 20219991960 194 ate 
48™ 256 ~223° 220 218 215° 213° 9209" "2055 9201 9198) 195 eae 
49. 258 225 | 222) 220° 217. © 2157214) 207204 00 One oe 
50. 260 «346227 «6225 4.222 6220" 217 213. (2097 9206) 120400 ae 
Sl 263° 229 227-224) 222 219-215) 21t) 208 205 eee 
32 265. 232. 229 (227. 224. 222° 4918 = 2140 9281 > 207 05 ee 
a3) 267 . 234 . 231. 229° 226 224 220) 216; 913° 909 2 7 ee 
54° 270 236 234 231 229° 226° °222 918° 215° 319) 3007 
So 272) 238 “236. 6233 231) 228) 92240 59207 N21 Set 4eeo jee 
26. 274 . 241. 23853.236. (233 231), 227 274 890) 11216. 214 ere 
97 6277 ~=— 243. 240 «6238: «=—235 «233 «229 «295 «292 «219: 216s 
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61 286 252 249 247 244 242 238 234 231 228 226 224 
62 288 254 252 249 247 244 240 236 234 230 228 226 
63 291 256 254 251 249 246 242 238 236 232 230 2a 
64 293 259 256 254 251 249 245 241 238 235 233° Zan 
65 295 261 258 256 253 251 247 243 241 237 255  aae 
66 298 263 261 258 256 253 249 245 243 239 231 26 
67 300 265 263 260 258 255 251 247 245 242 240 238 
68 302 268 265 263 260 258 254 250 247 244 242 240 
69 305 270 267 265 262 260 256 252 250 246 244 243 
70° “307° 272 . 270 » 267 52655-2262 958) «254.959 249 247 245 
71 309 274 272 269 267 264 260 256 254 251 249 247 
12 312 277 274 272° 969" 367 263° 9590. 957 253° 251 “250 
13 314 279 «+276 «274 271 «269 «265. 1261 259 255 254 259 
1Sty O10 528158 279. 6216-1 014 e271 op oes 261 258 256 254 
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tuents in respect of which molasses is also saturated, prevents further 
crystallisation of sucrose. And unless such constituents are specifically 
removed by an improved clarification process (as suggested by KELiy! 
in respect of certain amino acids) further exhaustion of final molasses cannot 
be anticipated. 

Only if molasses is seen as a saturated solution of sucrose, can further 
exhaustion be expected either by reducing the water content or lowering 
the temperature, or both. 

Fortunately practical attempts to reduce the purity of final molasses have 
not waited until the final answer to the theoretical considerations was given. 

In 1919 Van DER LINDEN!’ published results of exhaustibility tests in 
which samples of molasses of increasing concentration were rotated in 
bottles at 30° and 50° C with sucrose crystals for such a period that equilib- 
tium was probably established. The samples chosen for this investigation 
were undiluted factory molasses from which fine grain was removed by 
dilution and heating. Afterwards they were concentrated to the required 
density. Without any exception it was possible to bring all molasses to a 
purity lower than that achieved in the factory. The difference between 
factory purity and minimum purity achieved in the test was however quite 
different for different molasses, and molasses with a higher purity were 
sometimes found to have been better exhausted in the factory than molasses 
with a lower purity. 

In some cases a minimum was found in the curve showing sucrose % 
water as a function of nonsucrose °%/, water, a possibility which was foreseen 
when the theoretical curve shown in Fig. 14/5 was discussed. 

The slope of the curve showing the relationship between purity and 
concentration differed considerably for different samples, but in many 
cases tended to become horizontal near a dry matter percentage of 85, 
at least at 30° C. The difference between the purities obtained at the same 
concentrations at 30° and 50° C tended to become smaller for higher con- 
centrations, in agreement with theoretical considerations. 

The combination of the realisation that exhausted molasses is a saturated 
solution of sucrose and the results of exhaustibility tests as conducted by 
VAN DER LINDEN and others has not failed to reduce purities as achieved 
in factories. . 

The question to answer was: what are the conditions for a maximum 
crystallisation of sucrose? Boiling to a higher brix was soon found to be 
useful, and also cooling to a lower temperature. To overcome the objection 
that this would make the massecuite too stiff to manipulate (for addition 
of water in the crystallisers was not permitted) VAN DER LINDEN*®? recom- 
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mended adding about 15% of slightly diluted final molasses to the masse- 
cuite when leaving the crystallisers in order to ‘lubricate’ the heavy mixture, 


7. Exhaustibility of Final Molasses 


If final molasses were an eutectic mixture, as suggested by JxEssEr, there 
would be an ‘absolute minimum purity’, and at that purity the molasses 
would be ‘theoretically exhausted’. The same might be the case if at a 
certain stage the withdrawal of more water from a sample of molasses 
resulted in an increased solubility of sucrose (see p. 519). 

Since, however, it seems to be normal for the solubility to decrease as 
more water is withdrawn, the purity of the sample also will decrease. 
Admittedly water cannot be withdrawn ad /ibitum and moreover it becomes 
more and more difficult to reach saturation as the water content drops. For 
these reasons we have to accept a practical lowest purity which is extremely 
difficult to exceed, but this purity should not be called the ‘absolute mini- 
mum purity’, nor should molasses of this purity be termed ‘theoretically 
exhausted’. 

Tests in which the withdrawal of water by evaporation at a low temper- 
ature is continued to the stage where subsequent attaining of saturation 
in respect of sucrose is expected still to be practicable under favourable 
conditions, are called exhaustibility tests or boiling down tests. Attaining 
equilibrium usually takes a considerable period of time (weeks, months) 
and for this reason the purity attained in an exhaustibility test is generally 
lower than that obtainable in a factory where unlimited crystalliser capacity 
is not available. The purity of an exhaustibility test can, however, be seen 
as the ideal purity to be aspired to and is often called the target purity 
of the particular material. The term expected purity is also used, but perhaps 
less correctly. 

Target purities are dependent on the particulars of the exhaustibility 
test. For this reason standardisation of exhaustibility tests is desirable when 
their results have to be compared. International agreement on the manner 
in which the results are expressed is also desirable. A considerable amount 
of confusion exists in the data provided by different authors, making com- 
parison of results an often impossible task. It is necessary to state, whether 
sucrose has been determined by single polarisation, or by which modification 
of CLERGET’s method, whether the water percentage has been found by 
drying, or by using a refractometer, or has been derived from a gravity 
brix as determined in a diluted solution of the molasses, and whether glucose 
means the total amount of reducing sugars, or dextrose only, and so forth. 
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Generally speaking it is advisable to use true purities so as not to introduce 
additional variables due to the difference between true solids and refracto- 
meter and spindle brix, or between direct pol and the sucrose percentage 
as determined by the JAcKson and Giiuts method. 

Honic*3, however, for the sake of simplicity, recommends substituting 
apparent for true purities, but whether such a substitution does reduce the 
value of a target purity as a basis of comparison for working purities, is 
still an open question. In Hawaii refractometer brix is generally used, and 
specific conductivity instead of ash (see p. 549). 

Owing to the fact that purity alone is not a suitable measure of the state 
of exhaustion of a molasses, but must be interpreted in relation to the lowest 
purity attainable in practice with that molasses, MicnHetr and DE GyuLay*4 
developed quantitative definitions for ‘exhaustibility’ and ‘state of ex- 
haustion’. The term ‘exhaustibility’ was proposed for use as a measure of 
the readiness of a molasses to exhaust to a low purity and was defined by 
the equation: 

Bia = Oy 
where 


E, = exhaustibility 
and 


Oy, = the lowest true purity obtainable in a standardised 
exhaustibility test with the particular material. 


The term ‘state of exhaustion’ was to be used as a measure of the relation- 
ship of the actual true purity of a molasses to Or and was defined by the 
equation: 


enn aD 
100 — OL 
where 
E = state of exhaustion 
and 


QO = actual true purity of the molasses. 


Unfortunately these expressions have not been generally accepted. 

The target purity attained in an exhaustibility test is controlled by those 
factors which govern the amount of water to be left behind in the sample 
and the solubility of sucrose under the prevailing conditions. Both factors 
are closely connected to the composition of the nonsucrose of the particular 
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material. Hence there must be some relationship between the target purity 
of a final molasses and the composition of the nonsucrose, and if it is pos- 
sible to characterise the composition of the nonsucrose by a few simple 
data it should be possible to associate target purities with nonsucrose com- 
position in a simple formula. 

It is even not unreasonable to expect a similar relationship between non- 
sucrose composition and the purities attained under normal working 
conditions, but since factory molasses are usually supersaturated, and since 
their water content depends among other things on the available factory 
plant, the expected relationship may be somewhat obscure. 


(a) Statistical Target Purities 


The relationship between purity and nonsucrose composition has been 
extensively studied by S1j~mans*>, S1jLMANs submitted to a statistical 
analysis the composition of a large number (78) of Java factory molasses 
from which fine grain had been removed and which had been given ample 
time to reach equilibrium at room temperature (30° C) in respect of solid 
sucrose. 

The composition of the samples was given in terms of sucrose (double 
polarisation), refractometer brix, hexose (no differentation between glucose 
and fructose), sulphated ash (not corrected by deducting 10 %) and gums. 
Hence nonsucrose was refractometer brix — sucrose, water was 100 - 
refractometer brix, and purity was sucrose: (100 — refractometer brix) 
x 100. 

In the first place S1jLMANs established for his set of samples the existence 
of a close relationship between purity and concentration. The more concen- 
trated the molasses, the lower the purity. 

SIJLMANS — to illustrate this relationship — plotted in a diagram sucrose 
% Nonsucrose against water °/ nonsucrose and found a fairly straight line, 
dropping from 64 to 40°% sucrose on nonsucrose for a drop of 35 to 22% 
water on nonsucrose. 

Next he tried to establish whether the amount of sucrose held in solution 
by the moisture present in the samples was in any way connected to the 
quantity of any of the nonsucrose constituents present. 

In the first place the effect of hexose on the solubility was examined and 
a negative correlation was found. More hexose % Water was associated 
with less sucrose °/ water in agreement with VAN DER LINDEN’s result 
that invert sugar reduced the solubility of sucrose, and vice versa. Generally 
the solubility of sucrose in his samples appeared to coincide within fairly 
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narrow limits with the relevant part of VAN DER LINDEN’s solubility curve 
which is represented by the formula: 


sucrose % water = (at — 13) — 0.22 (hexose % water) 


where a; is the solubility of sucrose in water at t° according to HERZFELD. 

A similar investigation into any effect of other nonsucrose constituents 
on the solubility of sucrose yielded negative results, 7.e. the curves for sucrose 
°/ water plotted against ash % water, and against gums °% water appeared 
to be nearly horizontal. From this outcome S1jitMAns concluded that the 
solubility of sucrose in the water present in final molasses is influenced by 
hexose only, not by other nonsucrose ingredients. 

Hence the formula given above could be used to estimate the amount 
of sucrose any final molasses should contain according to this hypothesis 
and the corresponding calculated purity could be compared with the actual 
purity. It would, however, be incorrect to call the calculated purity a target 
purity. It is merely a target purity calculated on the basis that hexose is the 
only nonsucrose constituent which controls sucrose solubility. 

So far we have defined target purities as purities resulting from exhausti- 
bility tests, but we have pointed to the probability that target purities can 
mathematically be associated with data indicating the composition of the 
nonsucrose. 

S1yLMANs’ second paper*® deals with a study of deriving target purities — 
called by him ‘practical exhaustibility’ — from data illustrating nonsucrose 
composition. For this purpose the composition of 90 Java molasses was 
statistically examined. 

Unfortunately the true moisture content of the samples was not known. 
They were calculated by using certain formulae derived earlier by S1jL- 
mans36, These formulae show the general relationship between degrees 
brix (determined pyknometrically in a 1 to 10 dilution), the sulphated ash 
content, and the moisture content of molasses produced by the three 
methods of juice clarification. They are: 

Defecation final molasses: 
°% moisture = 100 — (pyknometer brix — 0.72 x sulphated ash percentage). 


Sulphitation final molasses: 
°% moisture = 100 — (pyknometer brix — 0.86 x sulphated ash percentage). 


Carbonatation final molasses: 
°% moisture = 100 — (pyknometer brix — 0.74 x sulphated ash percentage). 


In the first place SIJLMANS calculated for each molasses the solubility 
quotient, viz. the ratio between the amount of sucrose actually present pet 
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100 parts of water and the amount of sucrose which should be present 
according to his solubility hypothesis*. 

The solubility quotients calculated varied between 0.816 and 1.440, 
SIJLMANS then rejected those molasses whose solubility quotients were 
either > 1.05 or < 0.95, and continued to investigate statistically the com- 
position of the remaining group of 37 molasses. 

He found that a high ash content of the nonsucrose generally correlated 
with a low nonsucrose concentration (= nonsucrose °/ water) and hence 
with a high purity. Further that a high ash content of the nonsucrose gener- 
ally also correlated with a high ash concentration (= ash °% water). Fur- 
ther that for those molasses showing a high ash concentration the tempera- 
ture of spinning had usually been higher than for the molasses showing a 
low ash concentration, and finally that a high nonsucrose concentration 
generally coincided with a high spinning temperature. 

He concluded that the ash content of the nonsucrose affects the purity 
actually obtained to a significant extent, because the ash concentration, 
according to the spinning temperature limits the nonsucrose concentration 
obtainable under normal working conditions. 

S1jLMANs further assumed that the relationship between ash concentra- 
tion and temperature, as affecting nonsucrose concentration, should be 
expressed as ash % moisture — #, and plotted ina diagram ash % moisture - 
/ against ash % nonsucrose. First, however, the data for ash °% moisture 
were corrected so as to bring the solubility quotient exactly to unity. 

The diagram showed a strong relationship between the values for ash % 
moisture — ¢ and ash % nonsucrose and it was possible to draw a straight 
line linking those molasses for which ash % Moisture — ¢, relative to ash 
% nonsucrose had a maximum value. 

SIJLMANS then selected 11 molasses whose points were situated nearest 
to this straight line and assumed that they were truly satisfactorily exhausted 
molasses. For these samples he examined the possibility of associating their 
purities with the composition of their nonsucrose, and to typify nonsucrose 
he selected the values ash % (nonsucrose — ash — hexose) and hexose % 
(nonsucrose — ash ~ hexose). He derived the following formula: 

x1 = 50.073 + 0.30615 x2 — 0.09789 x, 
where 


xy = sucrose % nonsucrose 
x, = ash % (nonsucrose — ash — hexose) 
x3 = hexose % (nonsucrose — ash — hexose), 


* SIJLMANS now used JACKSON and SILSBEE’S solubility data. 
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The purity calculated with the formula sata was termed by S1JLMANS 
100 + x, 


the practical exhaustibility of final molasses, which is a target purity in the 
sense described earlier. 

The basis of this target purity is the assumption that final molasses should 
be concentrated until the so-called optimum ash concentration is attained 
and that the amount of sucrose which should be present in the amount of 
water then left behind in the molasses corresponds to JACKSON and Sr1s- 
BEE’s sucrose solubility table. Hence the optimum ash concentration is 
an important factor in S1y~mans’ method of judging molasses purities. The 
optimum ash concentration can be calculated with the following formula: 


Yo = 1.6665 y,; + 0.9946 y, — 3.392 
in which 

Y2 = ash % water 

Y, = ash % nonsucrose 

‘3 = spinning temperature in °C. 


SIJLMANS’ criteria have been used in the Java sugar industry for a consider- 
able period with a fair degree of success. 

One should appreciate however that S1jtMAns’ hypothesis that the solu- 
bility of sucrose in final molasses is affected by hexose only and not by 
other nonsucrose constituents has not experimentally been confirmed by 
him. Tureme’? drew attention to the fact that some information on this 
point could be derived from data published by CLAAssEN, VAN DER LINDEN 
and HELDERMAN, and completed the available data by carefully conducting 
some more solubility tests. 

The solubility determinations of CLAASSEN and VAN DER LINDEN indi- 
cated roughly that the higher the purity of the substance investigated, the 
higher the solubility quotient. This relationship was confirmed by HELDER- 
MAN’s data which were more accurate due to the care given to the removal 
of microscopic grain*. THrEMe’s solubility tests were carried out at room 
temperature on syrup and molasses of different purities. These liquors were 
saturated with sucrose and analysed. They yielded the solubility quotients 
shown in Table 2. 


* Keiy® discerns between molasses with a good and with a bad solubility characte- 
tistic. A molasses with a good solubility characteristic is one in which the solubility 
quotient falls distinctly with fall in purity. One with a bad solubility characteristic 1s one 
which rises with fall in purity. Other authors do not seem to have found molasses with 
bad solubility characteristics, the drop in the solubility quotient with drop in purity 
generally being accepted as normal. 
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TABLE 2 


SOLUBILITY QUOTIENTS ACCORDING TO THIEME AND SIJLMANS 


Solubility quotient 


Solubility quotient 








CH. 14 


i THIEME SIJLMANS) 
aed b= 35 | ! b = 60 
30 0.65 0.85 0.76 
30-35 0.65-0.70 0.85-0.88 0.76-0.80 
35-42 0.70-0.75 0.88-0.90 0.80—0.84 
42-50 0 75-0 80 0.90-0.93 0.84-0.88 
50-58 0.80-0.85 0.93-0.95 0.88-0.91 
58-68 0.85-0.90 0.95-0.96 0.91-0.94 
68-86 0.90-0.95 0.96-0.99 0.94-0.98 
86-100 0.95-1.00 0.99-1.00 0.98-1.00 
eee 


The next step was to compare these experimentally found solubility quo- 
tients with those calculated by S1ytmans’ method. 
For this purpose S1jtMans’ formula was transformed into 





; 100 
solubility quotient = 
100 — R 
100 + 0.22 b - 
| ee 
in which 
b = hexose % nonsucrose 


A = purity final molasses. 


Table 2 also shows the solubility quotients calculated with this formula 
for hexose % nonsucrose values of 35 and 60, and for purities ranging 
from 30 to 100. 

THIEME’S quotients are lower than those calculated with SIJLMANS’ 
formula and THremeE concluded that although the influence of the reducing 
sugars on the solubility of sucrose is most pronounced, the other nonsucrose 
constituents also have some effect. For this reason he preferred his empirical 
data to the quotients calculated according to SIjLMANs. 

The applicability of S1jLmans’ method of judging the exhaustion of final 
molasses was investigated by BEHNE?8 for Queensland conditions. 

‘By a method similar to that of SIJLMANS he derived the formula: 


wie, 45.9512 0 0131 ty 0.2679 B 
where 


I 


A = practical exhaustibility expressed as true purity 

X = sulphated ash % other organic matter 

B = reducing sugars % Other organic matter. 
The value of this formula for judging the actual purities of Queensland 
final molasses was originally thought promising, but a more detailed inves- 
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tigation by BEHNe*® completely negatived any hope of its use in that 
country. 

Although S1jtmans’ formula has been applied in Java with a fair degree 
of success for a number of years, certain demerits became gradually more 
apparent. One of these shortcomings was that carbonation factories were 
mote severely judged by the application of the formula than sulphitation 
and defecation factories. 

In 1940 Douwrs DeEKKeER?® published a paper in which S1j~mAns’ 
approach to the problem was extensively discussed. He concluded that 
SIJLMANS’ assumption that the 11 molasses selected to form the basis of 
his formula were truly satisfactorily exhausted was not sufficiently supported 
by factual evidence, and also that the hypothesis that the solubility of su- 
crose in molasses is merely influenced by hexose and not by the other 
nonsucrose constituents was not in accordance with the results of exhaust- 
ibility tests carried out earlier by VAN DE KREKE?*!, 

He agreed, however, that StjLmans had correctly assumed that sulphated 
ash °, nonsucrose and hexose °{ nonsucrose were by far the most impor- 
tant factors controlling the exhaustibility of final molasses. Hence it should 
be possible to calculate a formula showing the relationship between these 
variates and the purities of final molasses exhausted in standardised ex- 
haustibility tests. DouwEs DEKKER, however, did not calculate such a 
formula, but the regression formula, showing the association of the purities 
of 150 final molasses produced in Java in 1938 and 1939 and the variates 
ash °/ nonsucrose and hexose °/, nonsucrose. The purity calculable with 
this formula for any final molasses whose nonsucrose composition is known 
is a target purity — not the target purity which would have been attained 
in an exhaustibility test, but the purity which would have been attained by 
the ‘average Java factory’ of the above mentioned years, just before World 
War II. The performance of the ‘average 1938/39 Java factory’ is the 
target set by Douwes Dexxer’s formula. It is obvious that factories equip- 
ped with modern crystallisation and centrifuging plant will find no difficulty 
in producing final molasses of a lower purity than indicated by this formula. 

Douwes DEKKER actually calculated four formulae, one from the molasses 
produced in defecation factories, and the others referring respectively to 
sulphitation and carbonatation molasses, and to all molasses no matter what 
method of juice clarification was used. They are: 


Yw = 35.886 — 0.08088 x, + 0.26047 x, (generally applicable) 
Yq = 32.947 — 0.05536 x, + 0.31269 x, (defecation factories) 
Yeu = 38.208 — 0.10991 x, + 0.22104 xp (sulphitation factories) 
Yoa = 33.798 — 0.05108 x, + 0.30813 x, (carbonatation factories) 
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where 
xy = hexose % nonsucrose 
Xs = sulphated ash % nonsucrose 
be = sucrose/dry matter purity 


nonsucrose = dry matter minus sucrose. 


Douwes DrxkkeEr’s formula, although developed for Java conditions, has 
also been applied with a certain measure of success in other countries, partic- 
ularly Australia*?. No evidence was found by VENTON to justify the need 
for individual factory corrections to the expected value determined with 
the formula and it was shown that the formula ‘did not favour a particular 
district. Where certain mills lagged behind others it was apparent that this 
was due to the inadequate equipment and lack of control of the former’. 

Many countries have developed their own formulae to calculate target 
purities. In Taiwan, Wert CHEN, Tsur-How Hsu and Pert-cut Wanc43 
developed the following formula from the analysis of samples of final 
molasses from 36 factories over two consecutive milling seasons: 


P = 19.787 + 0.2333 r + 0.4695 a4 
where 

P = theoretical true purity 

r = reducing sugars % nonsucrose 

a = ash % nonsucrose. 


Barkow’s conclusion‘! that a final molasses is properly exhausted if total 
sugats (sucrose plus reducing sugars) per 100 brix (determined in 1: 1 
dilution) are less than 59.1, although apparently of some value in Louisiana, 
did not apply to Indian conditions according to Marnur*®, MarHur 
prefers a maximum value for total sugars per 100 brix of 55.5, and also 
states that pol loss °% cane should not be more than 1 %- The latter criterion 
obviously refers not only to the purity, but also to the quantity of final 
molasses produced. 

Recently Honre*® criticised the Douwres DEKKER formula and the 
Hawaiian method (see p. 549) of calculating target purities on the grounds 
that sucrose, dry matter and refractometer solids respectively are used as 
variates instead of pol and brix data on which factory control systems in the 
overwhelming majority of the cane sugar mills are based. He introduced 


the conception, apparent target purity, which according to the Java stan- 
dard should be calculated by the formula 


4D P, 24,0 = 0,41 red. Sugars % nonsugars + 0.26 ash % nonsugars 


Bibliography p. 554-556 


7 EXHAUSTIBILITY OF FINAL MOLASSES S37 


and according to the Hawaiian standard by the formula 


A.T.P. = 20.0 — 0.13 red. sugars % nonsugars + 0.28 ash % nonsugars 


(b) Methods of Judging Purities of Final Molasses based on Exhaustibility Tests 


The basis of the formulae developed by S1j~mMans was also criticised by 
Pacnrer!’. He conducted a series of exhaustibility tests using final molasses 
of different Java factories at their natural water content and after equilibrium 
had been attained he found that the solubility quotients were with one ex- 
ception lower than 1, in some cases considerably lower, v/z. 0.82 and 0.86. 
He concluded that it is incorrect to assume that the sucrose solubility in 
final molasses is controlled by hexose only and that other factors also in- 
fluence the solubility. 

PAGNIER also pointed out that the correlations (see p. 532) on which 
S1JLMANS had based his conception of the maximum ash concentration were 
not very significant, and instead of accepting the ash concentration (relative 
to the temperature of spinning) as a criterion for the concentration at 
which final molasses should be spun off, rather preferred THIEME’s crite- 
tion’® which stated that the refractometer brix should be 85°. 

THIEME’S criterion did not differentiate between the optimum concen- 
trations to which molasses of different composition should be concentrated, 
but Pacnter thought this shortcoming of little practical importance. Gener- 
ally PAGNIER drew attention to THIEME’s method of judging purities of 
final molasses which had been used for a number of years by a group of 
Java factories. The results had been compared with the conclusions arrived 
at by applying S1j~mans’ formula and had generally been found to be of 
greater practical value. 

According to TH1eMe’s method the well mixed average sample of final 
molasses is first tested for microscopic grain. If present it is dissolved by 
adding a small amount (up to 10%) of water and heating. Next the sucrose 
percentage S, and the refractometer brix F, are determined, and the purity 


R, = 10022 is calculated. The sample is now mixed with a sufficient quan- 
: . 
tity of sucrose crystals (ordinary white sugar is suitable) and placed in a 


weighing bottle in a large vacuum flask which is slowly rotated (one revo- 
lution in 7 minutes) at room temperature for about three weeks. The 
vacuum flask should be sufficiently large to accommodate 16-20 weighing 
bottles. After three weeks’ rotation it is assumed that equilibrium has been 
attained, and without separating the crystals, the refractometer brix of the 


liquid phase F’, is ascertained. 
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The purity of the saturated molasses is calculated with the formula; 


$,(100 — F,) — 100(F, — F,) 


= 100 
garb F,(100 — F,) 





and R, is found using the graph shown in Fig. 14/6. 


Ry; is the purity corresponding to a refractometer brix of 85°. The graph 
shown in Fig. 14/6 has been constructed 
by carrying out a large number of ex- 
haustibility tests on different molasses 
of different water content, at room tem- 


perature. One finds the curve nearest to 

the point representing F, and R, and : 

follows this curve until the horizontal 

line for 85° brix is intersected. The e 
purity A, of this intersection is then read. 


86 


85 


f 


3 
x 
R, is the purity the sample would have ~ 82 
had if saturated at 85° refractometer $ 
brix. R,—R, indicates how far the original © 1 


25. 3035 » 400 
purity of the sample is removed from Purity 


the target purity R, and is Trremn’s Fig. 14/6. Pacnrer’s graph or conver- 

: ; ; , ting purities to corresponding values 
final basis of comparison for judging the at 85° refractometer brix. 
state of exhaustion of final molasses. 

Douwes Dexxer?® pointed out that although THrEME’s method had 
successfully been applied the value of its results as criteria for judging the 
purity of final molasses largely depends on the applicability of Fig. 14/6 
to molasses of a composition different from those which had served to 
construct the graph. 

The difference R,—Rg, called Brix Influence by PaGnier, reflects the drop 
in purity which could have been attained if the molasses had been spun 
off at 85° refractometer brix. A too low brix is usually related to particulars 
of the plant preventing a high concentration. As such PaGNiER mentions 
the diameter of the discharge valves of the pan, the strength of the stirring 
device of the crystallisers and the capacity and power of the centrifugals. 

The difference R,-R, indicates the drop in purity which would have 
been obtained if the molasses had been spun off at the prevailing concen- 
tration and saturated at room temperature. This condition, of course, will 
hever occur in actual practice and R,-R, is usually rather large, viz. 4.7-7.5 
in examples given by PaGnier. A value of zero would indicate that the 
molasses had been spun off undersaturated at the actual spinning tempera- 
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ture which is normally higher than room temperature. For this reason 
a positive value for R,—R, is to be expected and it requires some experience 
to judge what difference can still be considered normal and acceptable. 


The subject of judging the state of exhaustion of final molasses by conduct- 
ing exhaustibility tests and the factors affecting such state of exhaustion 
have also been studied by Mrcuei and De Gyuxay**. The authors reject 
the study of the exhaustion of molasses using phase rule methods since 
under factory conditions sufficient time is not available for the molasses 
and crystal in a low grade massecuite to reach equilibrium at the end of 
cooling in the crystallisers. 

In their experiments the authors first adjust the moisture content of the 
(diluted) samples by evaporation in vacuo until the desired concentration 
is reached and then run them into an experimental crystalliser immersed 
in a water-bath which can be cooled from 75-45° C at about 1° C per hour. 
Sifted sugar is added and a stirring gear started. After crystallisation, 
molasses for analysis is separated through bolting silk in a pressure filter. 
The authors found by carrying out numerous tests that factors which some- 
times are supposed to affect the rate of exhaustion, such as grain size, purity 
of massecuite, efficiency of stirring, etc. had very little direct effect on the 
final purity if varied over quite wide terms. The final temperature was found 
to have very little effect if reduced below 45° C, for the rate of exhaustion 
had already become very slow at 45° C. 

With any given material there appeared to be only one factor, 277. con- 
centration, which had any considerable effect on the final molasses purity. 
On the average a tise of 0.2 in the ratio of impurities to water gave unit 
decreases in the final purity. Accordingly, in order to find the lowest 
purity obtainable in practice with any given material, it is necessary to 
determine the maximum rate of impurities to water which can be attained 
with that material by the efficient use of modern plant under factory con- 
ditions. 

As was set out above, THIEME and PAGNIER accept a target concentration 
of 85° refractometer brix for every molasses, independent of its composition. 
Earlier Sry~mAns had assumed that the ash concentration limits the practical 
maximum concentration at which a molasses can be spun. MrcHext and 
Dr Gyuxay state that the maximum ratio of impurities attainable in the 
factory depends on the nature of the molasses. They have found that with 
a ‘free boiling’ molasses the purity of the massecuite can be lower than 
with a ‘poor’ material. . 

If the ‘poor’ material were exhausted to the same concentration as attained 
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with the ‘free boiling’ molasses, a higher crystal to mother liquor ratio 
would result due to the higher purity of the massecuite. This higher ratio 
would mean a stiffer massecuite, which the available plant could not handle 
if it is assumed that the ‘free boiling’ material has been concentrated to its 
maximum value. Hence it is not practicable to concentrate the ‘poor’ 
material to such a high value and more water will be left in the molasses, 
corresponding of course to a higher purity. The factory working the ‘poor’ 
material has to be content with a lower concentration of its final 
molasses. 

The authors did not have at their disposal quantitative data linking the 
nature of the molasses to the maximum concentration attainable in the 
factory under favourable conditions. Therefore they concentrated all the 
molasses of their experiments to the same nonsucrose : water ratio, viz. 
3.5, although they thought that in actual practice a ratio of 4.5 might have 
been feasible. 

For the molasses which were saturated at this concentration (3.5) they 
found that the ratios of reducing sugars to ash and of ash to total im- 
purities both showed some correlation with the final purities, although 
there was a considerable scattering of the points. A higher reducing sugar 
to ash ratio meant a lower purity, a higher ash to impurities ratio corte- 
sponded to a higher purity. 

The authors also calculated the solubility quotients* of their samples at 
the same purity (45.0) and the same temperature (45° C). For this purpose 
they applied a correction based on TH1EME’s data (see p. 534) reflecting the 
association between solubility quotient and purity, and the result of a former 
investigation, viz. that the solubility quotient of low grade molasses in- 
creases by approximately 0.0022 per 1° C rise in temperature. They construc- 
ted a curve, shown in Fig. 14/7, which gives the relationship between 
solubility quotient and final purity at 3.5 impurities/water ratio and suggest 
using this curve to judge whether the final purity obtained from a given 
material is as low as it should be. For this purpose the exhausted molasses 
filtered from a low grade massecuite is analysed for sucrose and water, 
and the saturation temperature is determined. The solubility quotient at 
45° C and 45 true purity is calculated as discussed above, and the target 
purity associated with this solubility quotient is read from the curve of 
Fig. 14/7. The actual purity of the material is then compared with the target 
purity by computing the state of exhaustion. 


* The authors use the expression ‘saturation coefficient’, but the term solubility quotient, 
introduced by S1j~MANns, seems more suitable. 
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Solubility quotient 


0.4 
36 37 38 39 40 41 42 43 44 
Purity 


Fig. 14/7. Curve showing relationship between solubility quotient and purity at 45° C. 
(MicHe.i and Dr Gyutay) 


When applying the above method of judging final purities it should be 
realised that the curve of Fig. 14/7 has been found by testing certain Queens- 
land molasses and may not be applicable to any other material. 


(c) Viscosity and Exhaustibility 


The target purity of any final molasses is associated with the composition 
of the nonsucrose, firstly because the nonsucrose controls the solubility 
of sucrose (ratio sucrose/water at saturation), but also because the nature of 
nonsuctose very likely controls the minimum amount of water which has 
to be left behind in the molasses to enable further processing to run smooth- 
ly. Attempts — like that of StjLMANs — to find a simple relationship between 
the composition of the nonsucrose and a target ratio of nonsucrose/water 
have not been successful. 

Generalising, it can be said that removal of water from low grade masse- 
cuite in normal factory operations is continued to the stage where the masse- 
cuite can still be handled conveniently by the available plant, and it is not 
far-fetched to assume that the viscosity of the mother liquor is one of the 
main factors controlling the workability of the massecuite. 

We also know that the performance of the centrifugals depends largely 
on the viscosity of the molasses spun off. These two considerations have 
led to the expectation that some advantage could be obtained by a target 
viscosity instead of a target nonsucrose/water ratio to be used as an inter- 
mediate step in computing target purities. Or in other words: final molasses 
as spun off in the centrifugals should be of a pre-agreed viscosity rather than 
of a standardised nonsucrose/water ratio. Generally speaking the target 
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purity should be such that powerful, modern equipment, particularly the 
centrifugals, can still satisfactorily handle massecuites containing molasses 
of this viscosity. 

Realisation of the fact that viscosity is a major factor in the exhaustibility 
of final molasses necessitates a somewhat extensive discussion of this 
property. 

Viscosity is the property which opposes the relative motion of adjacent 
portions of a liquid and can consequently be regarded as a type of internal 
friction. The coefficient of viscosity 7 is defined as the force per unit area, 
viz. dynes/cm? required to maintain unit difference of velocity, i.e. 1 cm/sec 
between two parallel layers 1 cm apart. The corresponding unit, ie. 1 
dyne/sec/cm?, is called a poise, in honour of PorsEUILLE. Since viscosity 
values in terms of this unit are usually small, subsidiary units known as 
millipoises (10-* poise) or centipoises (10-2 poise) ate often used. 

For many liquids the difference in velocity of the two layers 1 cm apart 
is always directly proportional to the force applied. Or: the rate of shearing 
is at all times a linear function of the shearing stress applied. Such liquids 
are said to be ‘perfect’ or ‘Newtonian’ in their ow properties, and their 
viscosity, 7.e. the ratio of shearing stress to rate of shear, may thus be deter- 
mined from the results of a single test in which the shearing stress and the 
rate of shear are determined. 

Other liquids however do not respond similarly. Some offer an initial 
resistance to flow and will continue to do so until the stress is sufficient 
to overcome the initial resistance after which uniform shearing will take 
place. Fluids of this class exhibit the property of ‘plasticity’. A third group 
of fluids, under stress, may exhibit pseudoplasticity. This type of flow 
resembles in part the flow of a Newtonian fluid and also that of a true 
plastic. No initial stress is required before shearing commences, but the 
tate of shear is not at once linear in its relation to the shearing stress. There 
appears to be a certain resistance to flow which does not prevent motion, 
but which for a time decreases with each successive increase in the rate of 
shear. When this resistance is completely overcome the linear relationship 
mentioned above is found to exist®9, 

For the flow properties of a fluid to be studied it is necessary to select 
an instrument in which the rate of shear may be varied at will. With many 
types of viscosimeters (or viscometers) however this is not possible since 
the shearing stress applied throughout the test is constant. 

Apxins®° has used a SEARLE type of viscometer designed by the staff 


of the Bureau of Experiment Stations at Brisbane to measure the viscosity 
of molasses and massecuites. 
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This viscometer consists essentially of a cylinder which is free to rotate 
in a test sample contained in a jacketted cylindrical vessel. The cylinder 
is driven by two equal masses supported in scale pans which are attached 
by cords passing over guide pulleys to a drum mounted on the shaft of the 
cylinder. The masses fall under the influence of gravity, and exert a con- 
stant torque on the drum; the cylinder thus rotates uniformly, at a rate 
which for a given mass depends only on the viscosity of the fluid in which 
the cylinder is immersed. The rate of shear of the fluid may readily be varied 
by altering the mass producing the shear. 

Apkins found that a number of samples of molasses tested exhibited 
pseudoplasticity to a slight degree, but the effect became less pronounced 
with increase in temperature. Hence for practical purposes a single corre- 
lation of mass and time of revolution sufficed to determine the viscosity 
of molasses, and practically any accepted device used for the measurement 
of the viscosity of opaque liquids may be adopted for molasses, according 
to Apxrns. He also found that massecuites exhibited pseudoplasticity to 
a much greater extent. 

The lack of suitable instruments capable of measuring the viscosity of 
molasses has for a long time prevented a deeper investigation of this 
property, although viscosity measurements were introduced in the sugar 
industry as early as 1874. 

The MacMrcwaet viscometer, studied by VAN DER LiNpE, proved not 
altogether satisfactory®!. In 1933, however, Knop®2 drew attention to the 
HoeEppLer viscometer as an instrument suitable for measuring accurately 
the viscosity of final molasses. Although the HorppLer viscometer is of the 
falling ball type where the shearing stress applied is constant, this instru- 
ment has found wide application in the sugar industry for the measurement 
of viscosity. 

It was used by PRAEGER and HERoN** when they investigated the effect 
of dilution and temperature on the viscosity of Queensland final molasses. 
They found the viscosity to be halved at 1.8% dilution on molasses. At 
higher concentrations the effect of temperature was very marked, 6° C 
increase being sufficient to halve the viscosity of undiluted molasses. They 
also found molasses to exhibit anomalous viscosity, 7.e. not to give constant 
results when, for example, a sample was cooled and re-heated to the ori- 
ginal temperature of determination. Similar results have been obtained by 
other authors, but a satisfactory explanation has never been given. 

Another instrument, the SrorMER viscometer, is also often used. The 
SroRMER viscometer is similar to the SEARLE type viscometer and allows 
the shearing stress to be varied by altering the weights used to rotate the 
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cylinder. The SrorMER viscometer was used by K1nG* in an investigation 
into the effect of brix (concentration), temperature and purity on the vis- 
cosity of final molasses. 

The fact that all these variables affect viscosity makes it necessary to agree 
upon what is actually meant by ‘the’ viscosity of a final molasses. 


Viscosity in poises 





Temperature in °C 


Fig. 14/8. Viscosities of members of one molasses family of equal purity. (MicHeti and 
Dr Gyu.ay) 


Molasses is a liquid mixture of sucrose, water and nonsucrose, the latter 
component also being a mixture of various ingredients. Molasses which 
differs only in respect of the ratios in which sucrose, water and nonsucrose 
are present, 7.e., molasses of identical nonsucrose composition is often said 
to belong to the same family. Hence the nonsucrose composition is typical 
for the family. Individual mixtures are either undersaturated, saturated or 
supersaturated, depending on the temperature at which they are considered. 
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Each member of one family exhibits its particular range of viscosities, 
according to temperature, and the question to answer is: is it possible to 
select from the infinite number of viscosities which can be exhibited by all 
members of one family, one which is typical of such a family? 

This question has been studied in an investigation by Micneri and DE 
Gyutay®> who examined a number of Australian molasses at various con- 
ditions of temperature, purity and concentration. They give the results of 
this investigation in diagrams of which a typical one is shown in Fig. 14/8. 

Fig. 14/8 illustrates the viscosity conditions of members of one family and 
of equal purity — in this case 38.8. Each continuous curve shows the change 
in viscosity with change of temperature of the members of the same mois- 
ture content. The curves given in Fig. 14/8 refer to 12.5 — 15.0 — 15.9 -19.1 — 
20.5 and 20.9 %, water respectively. There is one temperature on each curve 
where the sample is just saturated. This temperature is marked by a cross. 
Consequently the broken line joining these crosses which cuts across the 
continuous curves shows the change in viscosity when the concentration 
of the solution is changed and the temperature simultaneously altered to 
keep the solution always saturated. Similar broken lines can be constructed 
for the solutions of certain degrees of supersaturation. In Fig. 14/8 the 
curve for 1.15 supersaturation is also shown. 

MicuHett and De Gyuay found that very often the curves indicating 
the change in viscosity with temperature of all saturated solutions of the 
same purity exhibit a distinct minimum. The saturation curve of Fig. 14/8 
shows a minimum at approx. 60° C. 

Fig. 14/9 shows similar curves for other molasses. 

The region of the minimum viscosities is usually near 50-60° C. The 
practical conclusion to be drawn from this fact is that in order to ensure 
that final molasses is separated from the sucrose crystals at the point of 
minimum viscosity (for a certain purity) the method of heating to saturation 
in order to reduce viscosity of low grade massecuite which has been cooled 
in the crystallisers to say 35-40° C is in principle superior to the dilution 
method. In actual practice certain other factors have also to be taken into 
account, for example, the likelihood of dissolution of crystals due to local 
regions of undersaturation during either the heating or diluting procedure. 
The danger of dissolution is however larger when the massecuite is diluted 
after crystallisation. 

As can be seen from Fig. 14/9 the minimum viscosity is not always very 
distinct, and in other cases there is a continuously decreasing viscosity 
with rise in temperature. 

If there is a minimum viscosity, selecting this viscosity as typical of the 


Bibliography p. 554-556 


546 RECOVERY OF CRYSTALLISED SUCROSE CH. 14 


members of the same purity of one family seems an attractive suggestion. 
The whole family would then be characterised by the curve showing the 
change in the minimum viscosity with the alteration of the purity. The 
viscosity increases slowly at first, becoming more and more steep with 
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Fig. 14/9. Viscosities of saturated solutions of molasses at various temperatures. (MiIcHELI 
and Dr Gyuxay) 


decrease in purity. As suggested by Douwrs DEKkEr?® it would probably be 
possible to select a point of the curve where a slight decrease of purity 
corresponds to a disproportionate increase in viscosity. If the viscosity of 
this point is not too high, for example less than 600 poises, the purity of 
this point of sudden increase in viscosity could be accepted as the target 
purity for the particular family, and the corresponding viscosity as the 
target viscosity. Insufficient data are however available to decide whether 
this method of finding the target purity of a family of molasses is practicable. 
Neither is any information available on the relationship between this type 


of target purity and the composition of the nonsucrose characteristic for 
the family. 
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The problem of using the viscosity as an intermediate step to arrive at a 
target purity has been solved in a practical way in Hawaii. 

Instead of selecting the solution with the minimum viscosity as represen- 
tative of all saturated solutions of the same purity, the solution saturated 
at 50° C was selected, and of all the solutions saturated at 50° C — which 
differ in concentration and purity — the solution exhibiting a viscosity of 
600 poises was selected to represent the family. The purity of this solution 
was termed the target — or expected — purity for that family. 

50° C and 600 poises were chosen for practical reasons, 50° C because 
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Fig. 14/10. Viscosity-purity relationship curves for mixtures of different hexose/ash ratio. 
(McCLEERY) 


it is a suitable temperature for reheating a cooled massecuite, and 600 
poises because modern plant should be able to work massecuites containing 


molasses of this viscosity. 7 
Since the work of Micuei and DE Gyu.Lay has shown that minimum 


viscosities are often not far removed from those at 50° C no objection can 
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be made to the choice of this particular temperature on the grounds that 
selecting the theoretically more correct temperature of minimum viscosity 
would lead to a quite different target purity. It is further also clear that the 
method of finding a target purity as suggested by DouwEs DEKKER would 
be applicable only if the point of sudden increase of viscosity is well below 
600 poises. 

The target purity found by the Hawaiian method is representative of a 
family of molasses, on the other hand the composition of the nonsucrose 
is also representative and it is intelligible that attempts have been made to 
establish the association between this type of target purity and data charac- 
teristic for the nonsucrose composition. Most successful work in this field 
has been done by the staff of the Experiment Station of the Hawaiian 
Sugar Planters’ Association, where the hexose/ash ratio was originally 
selected to typify nonsucrose>*, McCLEERY mixed samples of final molasses 
of two factories which differed widely in hexose/ash ratio’s (viz. 0.74 and 
3.21 respectively) in 6 different proportions and conducted boiling down 
(exhaustibility) tests on each mixture in an attempt to determine the purities 
and viscosities of those mixtures which were saturated at 50° C. The curves 
showing purities and corresponding viscosities for each mixture are shown 
in Fig. 14/10. 

The collected data also enabled McCurry to construct curves showing 
the relationship between gravity purity and hexose/ash ratio for a number 
of viscosities. These curves are shown in Fig. 14/11. 

From the curve for a viscosity of 600 poises the target purity of any 
molasses can be read, of which the hexose/ash ratio is known. 

When, however, boiling down tests were carried out on molasses from 
factories other than the two which had provided the molasses which served 
for the construction of the curves, purities were found which were not 
always identical to the expected purities as read from the curve. This made 
it necessary to conduct from time to time boiling down tests on the final 
molasses of each factory and from the results of such tests a correction 
factor was calculated which had to be applied to the target purities as read 
from the standard curve (or a corresponding table) in order to obtain the 
so-called expected purity. 

The mere fact that boiling down tests on certain molasses yielded target 
purities differing from those of the standard curve shows that identification 
of the nonsucrose of a final molasses by its hexose/ash ratio, although quite 
simple, is not accurate enough. Later on it was decided5? that there was no 
teal advantage in regularly conducting laborious boiling down tests on 
the final molasses of every Hawaiian factory. The corrections found in this 
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way were small (average for 1950: + 0.54), 7.e. when compared with the 
weekly fluctuations normally occurring in the purities of final molasses 
they were not significant. 


Weekly fluctuations of ‘purities above expected’ are normal and they 
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Fig. 14/11. Gravity purity and hexose/ash ratio relationships. (MCCLEERY) 
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have significance only if they are over 2 points or show a definite trend from 
week to week. 

Hence a new curve was constructed representing the relationships between 
refractometer/sucrose purity at 600 poises and the reducing substances/ash 
(carbonate) ratio of all molasses on which boiling down tests had been 
carried out between 1941 and 1950. The curve is a parabola of the formula 


y = 42.15 — 9.0% + i bere 


where 
y = refractometer/sucrose purity 
x = reducing substances/ash (carbonate) ratio. 


In order to simplify the analytical procedure the use of the specific conduct- 
ance instead of carbonated ash was also examined, and for a number of 
1950 final molasses on which boiling down tests had been carried out it 
was found that the curve representing the average relationship between 
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refractometer/sucrose purity and reducing substances/specific conductance 
ratio fitted the various points even better. The formula for this curve 


(parabola) is 


y = 38.55 — 61.9% + 49.9x? 


where 
J = refractometer/sucrose purity 
x = reducing substances/specific conductance ratio. 


The specific conductance can be determined in a matter of minutes by 
simply diluting the sample to 28 refractometer brix and reading specific 
conductance on a conductivity meter. 

According to the Official Methods of the Hawaiian Sugar Technologists 
for Control of Cane Sugar Factories, revised 1955, the Sugar Technology 
Department of the Experiment Station, H.S.P.A. has recently again modi- 
fied the method of finding expected purities. 

Two tables have been drawn up (Tables 3 and 4) relating the lowest 
attainable purity of any final molasses to either the reducing substances/ash 
(carbonate) ratio, or to the factor 

reducing substances °/ refractometer solids 





specific conductance x 1000 


About the applicability of these tables to molasses of other countries, little 
information is available. Honrc46 pointed out that the Hawaiian target 
purities are usually lower than those calculated using the formula given by 
Douwes DEKKER?®, 

Curves showing the viscosities of molasses of various purities at saturation 
and at certain degrees of supersaturation for a number of temperatures have 
also been determined by Ketty and McAnrEE®8’, who used a Technico 
viscometer, an instrument which according to ADKINs®? is not very suitable 
for the purpose. 

The authors — to set out gtaphically the relationship between viscosity, 
degree of supersaturation and temperature, for the construction of the 
diagram — successfully used a scale obtained from a paper by IRany®9 
which allowed a considerable reduction in the number of points required 
to draw a curve. IRANY namely had found that in a diagram in which the 
scale of viscosity is adjusted so as to make one ideal mixture appear as a 
straight line, all other ideal mixtures appear also as straight lines. 

Ketty®? divides families of final molasses into groups of good and bad 
viscosity characteristics and uses as criterion to decide into which group 
a final molasses falls, the steepness of the rise in the viscosity at decreasing 
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TABLE 3 
EXPECTED PURITY. OF FINAL MOLASSES FROM REDUCING SUBSTANCES-ASH (CARB.) RATIO 
Refractometer sucrose purities at 600 poises and 50° C (122° F) saturation temperature. 
Formula: RS/Ash (Carb.). (Official methods Hawaiian Sugar Technologists®) 


Ratio 0.6 0.7 Oa 2UL9 1 LE ts | iY ele Ee SS TF (a I «am Ey 


00 35.73 35.22 34.71 34.22 33.72 33.22 32.74 32.25 31.78 31.30 30.83 30.36 
mt 35.68 35.16 34.66 34.17 33.67 33.17 32.69 32.21 31.73. 31.25 30.78 30.31 
0.02 35.68 35.12 34.61 34.12 33.62 33.12 32.64 32.16 31.68 31.21 30.74 30.27 
05 35.58 35.07 34.56 34.07 33.57 33.08 32.59 32.11 31.64 31.16 30.69 30.22 
0.04 35.53 35.02 34.51 34.02 33.52 33.03 32.54 32.06 31.59 31.11 30.64 30.18 
0.05 35.48 34.97 34.47 33.97 33.47 32.98 32.50 32.02 31.54 31.07 30.60 30.13 
0.06 35.42 34.91 34.42 33.92 33.42 32.93 32.45 31.97 31.49 31.02 30.55 30.08 
0.07 35.37 34.86 34.37 33.87 33.37 32.88 32.40 31.92 31.44 30.97 30.50 30.04 
9.08 35.32 34.81 34.32 33.82 33.32 32.84 32.35 31.87 31.40 30.92 30.45 29.99 
M09 35.27 34.76 34.27 33.77 33.27 32.79 32.30 31.83 31.35 30.88 30.41 29.95 


Ratio 1.8 i ee 2.8 Sak ale. Cay ee kee aly ae 


0.00 29.90 29.44 29.00 28.55 28.10 27.66 27.22 26.79 26.37 25.95 25.53 25.11 
0.01 29.85 29.40 28.96 28.51 28.06 27.62 27.18 26.75 26.33 25.91 25.49 25.07 
0.02 29.81 29.35 28.91 28.46 28.01 27.57 27.13 26.71 26.29 25.87 25.45 25.03 
0.03 29.76 29.31 28.87 28.42 27.97 27.53 27.09 26.66 26.24 25.82 25.40 24.99 
0.04 29.72 29.26 28.82 28.37 27.92 27.48 27.05 26.62 26.20 25.78 25.36 24.95 
0.05 29.67 29.22 28.78 28.33 27.88 27.44 27.01 26.58 26.16 25.74 25.32 24.91 
0.06 29.62 29.18 28.73 28.28 27.84 27.40 26.96 26.54 26.12 25.70 25.28 24.86 
0.07 29.58 29.13 28.69 28.24 27.79 27.35 26.92 26.50 26.08 25.66 25.24 24.82 
0.08 29.53 29.09 28.64 28.19 27.75 27.31 26.88 26.45 26.03 25.61 25.19 24.78 
0.09 29.49 29.04 28.60 28.15 27.70 27.26 26.83 26.41 25.99 25.57 25.15 24.74 

















TABLE 4 

EXPECTED PURITY OF FINAL MOLASSES FROM REDUCING SUBSTANCES-CONDUCTANCE RATIO 
(Tentative) 

Refractometer sucrose purities at 600 poises and 50° C (122° F) saturation temperature. 


oO { * 
Formula: eS 000 (Official Methods Hawaiian Sugar Technologists) 


Caen ne ee de EU EEE Uy aEEEEE Tay aer 
Ratio 0.6 0.7 0.8 0.9 1.0 151 1,2 1.3 1.4 135 


0.00. 35.42 34.68 33.97 33.27 32.60 31.95 31.33 30.73 30.15 29.60 
0.01 35.35 34.61 33.90 33.20 32.54 31.89 31.27 30.67 30.10 29.54 
0.02 35.27 34.54 33.83 33.14 32.47 31.83 31.21 30.61 30.04 29.49 
0.03 35.20 34.47 33.76 33.07 32.41 31.77 31.15 30.55 29.98 29.44 
0.04 35.13 34.39 33.69 33.00 32.34 31.70 31.09 30.50 29.93 29.38 
0.05 35.05 34.32 33.62 32.94 32.28 31.64 31.03 30.44 29.87 2935 
0.06 34.98 34.25 33.55 32.87 32.21 31.58 30.97 30.38 29.82 29.28 
0.07 34.90 34.18 33.48 32.80 32.15 31.52 30.91 30.32 29.76 29.22 
0.08 34.83 34.11 33.41 32.73 32.08 31.45 30.85 30.27 29.71 2947 
0.09 34.76 34.04 33.34 32.67 32.02 31.39 30.79 30.21 29.65 29.12 


Ratio 1.6 Lot 1.8 iy 2.0 Ded Dae fad 2.4 ye) 


0.00. 29.07. 28.56 28.07 27.61 27.17 26.76 26.37 26.00 25.64 25.32 
0.01 29.01 28.51 28.03 27.57 27.13 26.72 26.33 25.96 25.61 25.29 
0.02 28.96 28.46 27.98 27.52 27.09 26.68 26.29 25.93 25.58 25.26 
0.03 28.91 28.41 27.93 27.48 27.05 26.64 26.26 25.89 25.54 25.23 
0.04 28.86 28.36 27.89 27.44 27.01 26.60 26.22 25.86 25.51 25.20 
0.05 28.81 28.32 27.84 27.39 26.97 26.56 26.18 25.83 25.48 25.17 
0.06 28.76 28.27 27.80 27.35 26.92 26.52 26.15 25.79 25.45 25.14 
N07 28.71 28.22 27.75 27.30 26.88 26.48 26.11 25.76 25.41 25.11 
0.08 28.66 28.17 27.70 27.26 26.84 26.44 96.07 25.72 25.38 25,08 
0.09 28.61 28.12 27.66 27.22 26.80 26.41 26.03 25.69 25.35 25.05 


* For the L & N Sugar Ash Bridge, RS % Ref. Solids 
or other instruments reading in Bridge Reading 
micromhos, the equation becomes 1000 
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purity. A sample with a good viscosity characteristic is one in which the 
viscosity shows only a gradual rise with fall of purity for a particular 
saturation temperature. He experienced all stages between these and the 
steep rise associated with samples designated as having bad viscosity 
characteristics. He found that the viscosity at a saturation temperature of 
55° C was associated with the true purity of the sample according to the 
general formula 


10* 
log y = ra 
where 
y = viscosity in poises 
P = true purity 


k and m = constants. 


A good characteristic is for example given by the values 3.03 and 1.71 for & 
and ™ respectively, whilst a molasses of a bad viscosity characteristic under 
similar saturation conditions was found to have values of 5.79 and 3.31 
for & and m respectively. 


(d) Progress in Molasses Exhaustion 


To what extent has the increasing knowledge of the principles underlying 
the crystallisation of sucrose from media of low purity improved the ex- 
haustion of final molasses in cane sugar factories? 

Early records of the composition of final molasses as discharged by Java 
factories enable us to reply to this question by comparing the actual purities 
with the target purities calculated with the formula given by Douwes 
DeEkkeR®!, Table 5 shows the relative data over a period of almost fifty 
years. 

The data for 1892 are averages from analytical data published by PRINSEN 
GrERLIGS!. Those for 1900 have been taken from a publication by PRINsEN 
GEERLIGS and RosE®?, Unfortunately they are not complete, and certain 
assumptions had to be made to calculate the target purity. The 1905 data 
have also been taken from a publication by PrinsEN GEERLIGs. They are 
the averages for 22 final molasses, 4as discharged by carbonatation and 18 by 
defecation factories. The data for 1915-1941 are the means published in the 
Java Annual Summaries of Factory Reports. To calculate the difference between 
the true and the target purity the dry matter percentages were calculated 
according to S1jtMans36, 

The overall improvement in the exhaustion between 1892 and 1941, 
taking into account the composition of the nonsucrose, has been just over 
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10 points. The unsatisfactory state of exhaustion in 1892 was to a large 
extent due to a high water content. In 1905 the water content was reduced 
by 6% to 18.3% and the mean difference above the target purity to 5.7. 


There are, however, reasons to suspect a high degree of supersaturation 
in the 1905 final molasses. 








TABLE 5 
EXHAUSTION OF JAVA FINAL MOLASSES IN A PERIOD OF HALF A CENTURY 

Dry Sulphated Red. Difference 
Year matter Lids ash sugars above target 

% dee % %o purity 
1892 Tosh 46.6 7.47 22.0 10.1 
1900 — — 8.7 18.0 6-7 
1905 81.7 42.8 Be: 25.9 Dal. 
1915 91.41 36:3" 8.9 29.3 3 
1916 91.6 36.3 9.8 26.9 2.8 
19i7 pled 36.5 8.8 27.6 ee 
1918 91.6 36.9 9.4 26.6 3.0 
1919 SL 36.2 9.7 fled 2.8 
1920 92.5 36.0 9.8 26.9 ae 
1921 92.5 36.2 =! 27.3 2.4 
1922 923 Pei, Di 27.4 2.2 
1923 2.0 34.9 10.2 26.7 1.2 
1924 94.0 33.8 10.5 Pig pe 0.1 
1925 92.6 34.6 10.2 28.3 1.0 
1926 92.6 34.0 10.5 29.4 06 
1927 92.8 33.6 10.8 28.1 —0.1 
1928 be 34.4 T1s3 26.8 0.4 
1929 93.4 35.1 sb Zoet 0.9 
1930 93.6 Boek 12.3 host 0.7 
1931 93:2 34.8 11.8 26.6 0.7 
1932 93.4 34.9 125 25.7 0.6 
1933 94.1 34.5 12.4 Pee, 0.2 
1934 Dat 34.6 Lf 26.9 0.6 
1935 94.3 35.4 12.7 25.0 0.9 
1936 94.3 35.8 13.8 235.3 0.8 
1v57 94.4 35.4 13.0 24.5 0.8 
1938 94.9 34.8 13:3 24.4 0.1 
1939 95.0 34.6 The rea 24.3 —0.2 
1940 95.0 34.9 13.4 24.0 0.1 
1941 95.1 35.0 13.6 23.4 0.1 


1 Spindle brix (1 + 9 dil.) in the years 1915-1941. 
2 Sucrose/brix purity in the years 1915-1941. 


In the decade between 1905 and 1915 the average state of exhaustion 
was improved by another 2.5 points. From 1915 onwards annual data are 
available. They indicate that manufacturers succeeded in gradually increasing 
the brix of final molasses from approx. 91.5 to 95.0 in the period 1915-1941. 
This was accompanied by a reduction in the difference over the target 
purity of just over 3 points. The purity, however, was not reduced to the 
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same extent in this period due to the composition of the nonsucrose be- 
coming gradually more unfavourable to good exhaustion, as is shown by 
the increase in the ash percentage and the drop in the reducing sugar 
percentage. This shows that a conclusion based merely on the annual mean 
purities — without taking into account alterations in the composition of 
the nonsucrose — would have resulted in an incorrect impression of the 
improvement made in the exhaustion of final molasses in this period. 

The reason for the increase in the ash content of the Java molasses is not 
known, but may be connected to the increased use of fertilisers in the cane 
fields. 

The continuous drop in the difference above the target purity in the 
years directly after 1918 deserves some attention. Here we very likely 
observe the effect of the investigations by VAN DER LINDEN. They had 
taught that longer and deeper cooling of the low grade massecuites, at a 
low water content of the liquid phase, must result in a lower purity. 

The objection to the increased stiffness of the massecuite was neutralised 
by VAN DER LINDEN by his advice to add approx. 15°% of diluted molasses 
(83-85 ° brix) to ‘lubricate’ the material instead of addition of water which 
might dissolve crystallised sucrose. 

Another period of continuous improvement, although less striking, 
commences in 1935 and is probably associated with the interest shown by 
Java factories in the regular comparison of actual purities of final molasses 
with the target purities published by Srj~mans in monthly and annual 
summaties, 

The outbreak of the World War II interrupted efficient processing in 
Java and prevented a new feature in manufacturing technique from finding 
expression, viz. the introduction of high speed centrifugals. 
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— _, total massecuite quantity by rapid 
478 
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Critical nuclei 123 
— size 115, 122 
Crystal 1 
— camera 31 
— content 499 
and size 498 
— , faces on 7 
— , growth of 114 
— , interfacial 4 
— , interfacial angles of sucrose 12 
— , internal structure of sucrose 32 
— , Kandi 26 
— , lateral asymmetry in 11 
— , morphology of 4 
— movement 500 
— , orthorhombic 6, 9 
— , perfect 113 
— , rate of growth of 151 
— , regrowth of 218 
— size 499 
— , specific gravity of sucrose 32 
— structure 5 
= , sucrose 12, 13 
— ,symmetry of 5 
— ,twin 16 
Crystallization characteristics 215 
— ,chemistry of 188 
— , control methods 224 
— , kinetics of 149 
— of final product boilings 348 
— of massecuites, cooling 453 
— of sucrose, dilatometrical 160 
, tate of 460, 525 
velocity of 168 
— , polythermal 97 
— potential 150 
— process, automatization of 268, oo) 
, circulation 371 
, evaporation 371 
— velocity of sucrose 114, 177 
— , agitation 167 
— , colloids 172 
, impurities 174 
, stirring 167 
Crystallizer 337, 466 
— control 474 
— , power consumption 473 
— practice, supersaturation 489 
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— , revolving 470 
— ,secondary grain formation 482 
— , viscosity 490 
Crystallizing sugar solutions, non-electro- 
lytes 175 
Crystallographic axes 6 
— constants 12 
— zones 17 
Crystallography 1 
Crystallones 132 
Crystal yield % pol 326 
C-sugar 211, 213 
— ,ash in 211 
Cuitometer 252 
Cutting of boiling 322 


Demarara crystals 322 
Dendritic growth 141 

— nucleation 30 
Desugaration of boiling 325 
Dextrose 202 
Diffusion layer theory 169 
Discs, rotary 468 

— , stationary 468 
Dissolution of sucrose 182 
Distribution curve 59 
Dome 442 
Double bottom in vacuum pan 365 
Double compounds 89 
Douwes Dekker formula 535 
Downtake of calandria pans 394 
Dynamic conditions 313 


Effective driving forces 372 
— resistances 374 
Electrical conductivity control, history of 
353 
Electrode cells, conductivity control 262 
Electrodes, calibration of 266 
— , capacity of 274 
Equivalent relative humidity 45 
Eutectic mixture 520 
Evaporating surface in vacuum pan 362 
Evaporation, isothermal 97 
Exhaustibility 498 
— of final molasses 528 
— , practical 533 


— of molasses 505 
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— tests 527, 537 
— , viscosity 541 
Exhaustion 81 


False grain 322 
, erosion fragments 142 
formation 295 
Feed control 423 
— pipes, position 378 
Feeding of pans 346 
Final molasses 321 
Final product boilings, crystallization of 
348 
Flow rate of massecuite 343 
Fluidity, measurement of 242 
Fondant graining 282 
— sugar 51, 280 
Footing 349 
— , purity of 299 
Fosfatation 210 
Four-boiling system 329 
Full seeding 144, 349 


Gasoline as suspension liquid 324 
Glucose-fructose-KCl-water system 106 
Grain, false 140 
— formation 226 
— in feed syrup 142 
Graining 52 
— of low grade boilings 277 
— practices 144 
Granulate 322 
Granulated sugar 322 
Green molasses 322 
= rut of ore 
Growth of crystals 114 
Grut equation 95 
Gum arabic 135 
Gur 2, 319 
Gypsum 99 


Heat conductivity of massecuite 416 
— exchange element 337 
— transfer coefficient 307, 471 
» Speed of rotation 473 
— transmission 302, 313 
recorder 316 
Hexose-ash ratio 548 
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High speed centrifugals 554 
Hydrated sugar-salt compounds 523 
Hydrostatic head loss 405 


Icing sugar 51, 280 
Impurities 119, 136, 217 

— ,colored 221 

— , electrolytic'177 
Inboiling technique 48 
Incrustation 198 
Instability of sugar solutions 136 
Intake, continuous 346 

— for water 346 
Interfacial angle 12 
Intermediate zone 120 
Internal water 45 
Interpenetrant twinning 29 
Inversion reaction 192 
Invert sugar equivalents 203 
Ion exchangers 212 
Irradiation 136 


Job’s principle 87 
Kandi-sefid 2 


Levulose 202 
Lipid content 222 
Liquid sugar 321 
Liquor 321 

— belt 442 
Loaf sugar 50 
Low head pan 408 
Luminescence 34 


Maillard reactions 200 
Manufactured sugar, insoluble ash in 210 
Massecuite 321 
, consistency of 244 
— , cooling of 501 
, efficient cooling 477 
— in crystallizer, conditioning 485 
— level, measurement of 245 
Maturing 300 
Mean aperture 52 
Mechanical circulation 417 
— inclusion 217 


| Melanoidins 201, 221 
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Melassigenic factor 180 
Metastable range 140 
Micromax pan controller 236 
Millerian system 6 
Miller symbol 7 
Mixed crystals 216 
Molal concentration 67 
Molality 67 
Molasses exhaustion 552 
— , fine grain in final 521 
— , true purity of 529 
Monoclinic system 10 
Movement water 279 
Multi-component compounds 519 
— sucrose solutions 79 
— system, molasses 79 


Natural circulation 351 
Needle form of sucrose 27 
Net pan volume 323 
Nitrogen compounds 462 
Nivas crystals 320 
Nonfermentable reducing substances 199 
Nonsucrose 44 
— components 524 
— composition 530 
Nonsugar 46 
— circulation 325 
Nonsugars, inorganic 208 
— , organic 204 
— , volatile 198 
Nucleating particles, foreign 118, 139 
Nucleation 114, 214 
— equation 126 
— in supersaturated sucrose 113 
Nuclei, initial 435 


Optical activity 197 


Pan circulation, measurements 380 
— circulator, power 423 
— refractometer 225 
— temperatures 410 

Panella 319 

Particle size, solubility 115 

Phase equilibrium diagrams 69, 88 
— rule 88, 513 

pH control 194 





Plantation white sugar 320 
Potassium chloride 78, 208 
Powdered sugar 279 
Precipitated nonsugars 222 
Pressure, control of 234 

—  recorder-controller 235 
Pseudoplasticity 543 
Pyramidal form of sucrose 27 


Quality of raw sugar 213 
— refined sugar 213 
Quaternary system 516 


Raffinose 79 

Rational indices, Law of 5 

Raw sugar 320 

Reducing power of reducing sugars 195 
Reducing sugars 194 it 
Refined sugar 49, 319 

Refractive index 31 
Refractometer/sucrose purity 549 
Reheating 504 

Retardation factor 180 

Ripening of footing 322 

Run.off 322 


Salting-in behavior 76 
Sarkara 1 
Saturation cell 70 
— coefficient 230 
— temperatures 71, 487 
Saturoscope 475, 487 
Screen analysis 52 
Secondary grain 322 
formation 295 
Seed crystallizer 322 
— grain in organic fiuids 287 
in organic solvents 286 
Seeding 433 
— of footing 322 


— system 214 

— slurry 349 
Shakey 2 
Shekar 2 
Shock seeding system 214 
Sieves 52 
Size, crystal content 498 
Skip 322 
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Soft sugar 282, 320 
Solubility coefficient 76 
— -coefficient relationships 83 
— — -— for sucrose-fructose-KCl- 
water 83, 84 
— determination 68 
— in presence of invert sugar 82 
— ¥, particle size 115 
— quotients 534 
—  -temperature relation 92 
Steamings of pan 207 
Stereographic projection 20 
Strike 322 
Sucrose 1 
— crystallization, kinetics of 152 
— crystallography of 10 
— crystals, impurities in 217 
, Stability of 189 
— double compound formation 86 
— from low grade boilings, recovery 
of crystallized 510 
—_ -fructose-glucose-water 83 
system 106 
"— — -KCl-water system 105 
— -glucose-KCl-water system 105 
— hydrates 93 
— in acetone 109 
— in ethyl alcohol 109 
— in glycerol 109 
— in invert sugar solutions, solubility 
of 77 
— in methanol 110 
— in presence of raffinose, solubility 
of 79 
— in propylene glycol 109 
— , inversion of 193 
— , isothermal crystallization of 84 
— losses 193, 201 
— , melting point of 93 
= , needle form of 27 
— , pyramidal form of 27 
—  -taffinose-water system 104 
— , solubility of 67, 90, 531 
—~ >» = = pure 228 
— solutions, three component 74 
, total concentration of dissol- 
ved solids in 85 
— , spray-dried 3 





— , triangular form of 27 
Sugar-amino condensation 201 

— , amorphous 3 

— boiling, progress in 336 

— crystallization 266 

— , hard 33 

— slurries, standardized 290 

— , soft 33 

— solutions, solubility of impure 228 
, Specific conductance of 254 
Sulfitation 192 
Sulfites 206 
Supercooling 118 
Supersaturated sucrose, nucleation in 113 
Supersaturation 120, 150, 225, 232, 357, 

407, 454, 486 


— recorder 240 

— _, Significance of circulation 345 

— , tables on 359 

— , viscosity 305 
Surface active agents 138 

== tension 116, 130 
Suspended insoluble nonsugars 212 
Symmetry 5 

— , class of 5 
Syncrystallization 216 
Synthetic complex method 69 
Syrup 321 


Target concentration 539 

— purities 528 
Ternary system 108, 514 
Test electrode 356 
Thermometer, resistance 240 
Thomas meter 382 
Three-boiling scheme 328 
Torcon 244 
Triangular form of sucrose 27 
Tubes of calandria pan 394 
Twin crystals 324 
Twinned crystals 27 


U-shaped crystallizer 339 


Vacuum control 429 
— pan 332 
— —  , double bottom 365 
— — _ , evaporating surface 362 
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, Grantzdorffer 397 

— — _ , operation conditions 367 
Velocity of circulation, viscosity 314 
Viscosity 542 

— behavior 88 

—  , effect of nonsugar constituents 492 

— , effect of temperature 495 

— , effect of total solids 492 

— , minimum 545 

— of final molasses 542 

— of massecuites 184 

— -purity relationship 547 

— , teducing substances-ash ratio 497 

— , supersaturation 305 

— , velocity of circulation 314 





Voltage differential 276 


Water-glucose-fructose system 104 
—  -sucrose-fructose system 103 
—  -sucrose-glucose system 103 

K,SO, system 102 

NaCl system 102 

Webre mechanical circulator 422 

White molasses 322 
Sa inthe Sie VY 


Zitkowsky graining method 432 
Zone-axis 17 
— -symbol 18 
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